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Abstract 
 
Global energy crisis is one of the major concerns of the humankind due to the limited 
availability of fossil fuels which accomplish dominant portion of present days‟ energy. 
Hence, the need to develop renewable energy resources has come to the forefront of 
discussion. Solar photovoltaic is one of the major alternatives for future energy harvesting 
system; however, the utility of this emerging technology depends on the efficiency of the 
solar cell and viable techniques to commercialize it. Though silicon based photovoltaic 
technology is the most dominant till date but expensive manufacturing techniques pertaining 
to it is a major concern. In this context, chalcopyrite Cu(In,Ga)Se2 (CIGS) thin-film 
technology has already witnessed high conversion efficiencies due to its suitable bandgap (≈ 
1.20 eV) and large optical absorption coefficient (≈ 105 cm-1). The highly efficient CIGS 
devices are often fabricated using expensive vacuum based technologies; however, efforts to 
seek an economical and scalable method for the production of stoichiometric CIGS thin-
films have been ongoing to realize the commercialization of these devices. In pursuit of this, 
electrodeposition has been demonstrated to produce CIGS devices with high efficiencies 
and it is easily amenable for achieving large area films of high quality with efficient 
material utilization and high deposition rate. The use of multi-steps, complexing agents, 
organic additives during the deposition using a three-electrode system followed by a 
conventional selenization step have often been employed to achieve chalcopyrite compact 
CIGS which make the process more complex and expensive. 
 
In appreciation of the above, the present research proposes a simplified but advanced 
electrodeposition technique for the fabrication of CIGS thin-films. The technique uses 
features such as pulse and pulse-reverse plating, avoids the third reference electrode and 
expensive Pt is substituted by high purity graphite. In addition, it avoids the use of 
complexing agents and conventional selenization step making it a simple, economic and 
environmental friendly approach. Pulse electrodeposition of CuInSe2 (CIS) thin-films is the 
first investigation of the present study, which is essentially aimed for the basic optimization 
of the process so as to ease the method for CIGS films. The parameters are appropriately 
regulated to produce stoichiometric CIS films with a novel flake-like morphology and 
resulted in an improved photoelectrochemical (PEC) performance. The process is further 
optimized to produce compact phase pure stoichiometric CIGS thin-films which have 
exhibited an enhanced PEC performance over the conventional direct current deposited 
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CIGS films. The growth mechanism of pulse electrodeposited CIGS is explained which is 
responsible for yielding a compact morphology. In order to attain a better and easier control 
over the composition and morphology of the CIGS films and to avoid excess use of less 
abundant In precursor, a novel sequential pulse electrodeposition approach is proposed 
which has not only resulted in exceptional control over the composition and morphology but 
also yielded compact single phase CIGS films exhibiting significantly improved PEC 
performance. Furthermore, the process is systematically improved to fabricate 
nanostructured CIGS thin-films consisting of nano-flakes, nano-mesh, etc. which are 
particularly advantageous due to the high surface area and smaller thickness (of flake/rod) 
thereby leading to improved light absorption and minimized recombination. Nanostructured 
CIGS films exhibited high photocurrents in PEC performance showing their potential ability 
to use in photoelectrochemical cells and thin-films solar cells. Ultimately, the suitability of 
the pulse electrodeposited CIGS films is tested by constructing the CIGS/CdS 
heterojunction wherein n-type CdS layer is chemical bath deposited onto CIGS. The 
junction has yielded photocurrent values that are comparable to the short circuit current 
densities in conventional solid state device and have shown exceptional stability. In 
conclusion, a simple, economic and environmental friendly pulse electrodeposition 
technique is proposed to fabricate high quality CIGS thin-films and can be a potentially 
viable technique for their commercialization. The possible outlook of the study is to 
construct a full device by depositing window layers, metal fingers, etc. to determine the 
conversion efficiency of the device. 
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Nomenclature 
 
Å Angstrom  
a-Si Amorphous silicon 
BSF Back surface field 
C Capacitance  
C0 Bulk concentration of species 
CBD Chemical bath deposition 
CdS Cadmium sulfide 
CdTe Cadmium telluride 
CE Current efficiency 
CIGS Copper indium gallium (di)selenide 
CIGSS Copper indium gallium sulphide/selenide 
CIS Copper indium (di)selenide 
c-Si Crystalline silicon 
Cu-Se or Cu2Se Copper selenide 
CV Cyclic voltammetry 
D Diffusion coefficient 
DC Direct current 
DSSC Dye sensitized solar cell 
E Electrode potential 
E0 Standard Electrode potential 
EC Conduction band edge 
ED Electrodeposition  
EDTA Ethylene diamene tetra-acetic acid 
EDX or EDS Energy dispersive X-ray spectroscopy 
EF Fermi energy 
EFB Flat-band potential  
Eg Bandgap 
EV Valence band edge 
F Faraday‟s constant 
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FESEM Field emission scanning electron microscope 
FF Fill factor 
FIB Focused ion beam 
G Generation rate of electron hole pairs 
Ga2Se3 Gallium selenide 
GIXRD Grazing incidence X-ray diffraction 
HER Hydrogen evolution reaction 
HRTEM High-resolution transmission electron microscope 
IM Maximum current density (output) 
Im Peak current  
IN Instantaneous nucleation 
In2Se3 Indium selenide 
ITO Indium doped tin-oxide 
J Diode current 
J0 Saturation current density 
JCPDS Joint Committee on Powder Diffraction Standards 
JL Photocurrent  
Jsc Short circuit current density 
kB Boltzmann‟s constant 
Le Electron diffusion length 
Lh Hole diffusion length 
MBE Molecular beam epitaxy 
me
*
 Electron effective mass 
mh
*
 Hole effective mass 
MIS Metal-insulator-semiconductor 
Mo Molybdenum  
MoSe2 Molybdenum selenide 
MS Mott-Schottky  
ms milli-second 
MSE Mercurous sulphate electrode  
MTOE Million tons of oil equivalent 
xii 
n Diode ideality factor 
N Carrier density  
Na Acceptor density 
NHE Normal hydrogen electrode 
OCP Open circuit potential 
PEC Photoelectrochemical  
PED Pulse electrodeposition 
Pin Incident power 
PN Progressive nucleation 
poly-Si Polycrystalline silicon 
PRC Pulse-reverse current 
PRED Pulse-reverse electrodeposition 
q Charge 
Ra Average roughness 
Rs Series resistance 
RSH Shunt resistance 
RTP Rapid thermal processing 
SAED Selected area electron diffraction 
SCE Saturated calomel electrode 
SEM Scanning electron microscopy 
SLG Soda lime glass 
T Temperature 
t Time 
ta Anodic pulse time 
tc Cathodic pulse time 
TCO Transparent conducting oxide 
TEM Transmission electron microscopy 
Tm Time at peak current 
toff Off-time 
ton On-time 
TSC Tri-sodium citrate 
xiii 
UV-Vis-NIR Ultraviolet-visible-near infra-red 
V Voltage  
Vm Maximum voltage (output) 
Voc Open circuit voltage 
W Width of depletion layer 
XRD X-ray diffraction 
XRF X-ray fluorescence 
α Absorption coefficient  
ε Dielectric constant 
ε0 Permittivity of free space 
η Efficiency  
λ Wavelength  
ν Frequency  
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Chapter 1 
 
Introduction 
   
1.1 Energy 
“Energy”, can never be created nor destroyed, can only be converted from one form to other 
form. Energy plays the most important role in today‟s human survival and its progress and 
is the major factor in the development of a country. It is available in many varieties in 
nature however the accessibility is rather limited in its present forms. Therefore, the best 
way to access this available energy is to convert it into familiar forms such as light, heat, 
electricity, etc. since human‟s energy needs are mainly in the form electricity and heat. Till 
now the maximum energy used is transformed from easy-to-use non-renewable resources 
like fossil fuels (coal, natural gas, liquid petroleum, etc.). However, the inherent problems 
associated with the use of fossil fuels such as their limited availability and the 
environmental issues force the mankind to look for new, more sustainable long-term energy 
solutions to provide the future energy supply. 
 
Indian economy has experienced unprecedented economic growth over the last decade. 
Today, India is the ninth largest economy in the world, driven by a real GDP growth of 
8.7% in the last 5 years (7.5% over the last 10 years). In 2010 itself, the real GDP growth of 
India was the 5th highest in the world. This high order of sustained economic growth is 
placing enormous demand on its energy resources. The demand and supply imbalance in 
energy is pervasive across all sources requiring serious efforts by Government of India to 
augment energy supplies to deal with possible severe energy supply constraints in future. A 
projection in the Twelfth Plan document of the Planning Commission indicates that total 
domestic energy production of 669.6 million tons of oil equivalent (MTOE) will be reached 
by 2016-17 and 844 MTOE by 2021-22. This will meet around 71 per cent and 69 per cent 
of expected energy consumption, with the balance to be met from imports, projected to be 
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about 267.8 MTOE (≈ 3.11 TWh) by 2016-17 and 375.6 (4.37 TWh) MTOE by 2021-22 
[1]. 
 
The above required energy figures clearly demonstrate the need to develop renewable 
energy resources which has come to the forefront of discussion. Increased demand from 
developing countries like India and China coupled with plateauing and decreasing supply 
have led to huge leaps in fossil fuel prices. Power demand projections have the world 
needing nearly 35 TW by the year 2050. In this context, solar energy, which is the major 
form of renewable energy, becomes one of the crucial alternatives to suffice the world‟s 
energy demand. 
 
1.2 Solar Energy 
Sun produces huge amount of energy that enter the earth atmosphere in form of 
electromagnetic radiations and heat. The earth captures a very small part typically about 2 
billionths of the sun‟s immense output during its revolution around the sun [2]. Typical solar 
spectrum on the earth‟s surface is shown in Figure 1.1. This radiation from sun can be 
extracted and transferred into the two leading forms as heat and electricity. Conversion of 
sunlight into heat is the concept of solar thermal whereas conversion into electricity is the 
phenomenon of solar photovoltaics. Both of these are low-cost, environmentally friendly 
technologies. Solar thermal power generation systems use mirrors to collect sunlight and 
produce steam by solar heat to drive turbines for generating power. This system generates 
power by rotating turbines like thermal and nuclear power plants, and therefore, is suitable 
for large-scale power generation. For its ability to generate power round-the-clock by use of 
stored heat, as well as high energy conversion efficiency, solar thermal power generation is 
now attracting increasing attention as one of the promising next-generation systems. Solar 
thermal delivers thermal energy that is used to heat water or other fluids, and can also power 
solar cooling systems. Solar photovoltaics, on the other hand, uses the concept of 
conversion of sunlight into electricity. Solar photovoltaic power generation has been one of 
the cleanest sustainable energy technologies. It has been growing quite rapidly that, in 2013, 
its fast-growing capacity increased by 38 % to a running total of 38 GW worldwide [3]. The 
topic of interest for the present work is the phenomenon of solar photovoltaics and is 
explained in detail in the next section. 
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Figure 1.1: Spectrum of solar radiation reaching the earth's atmosphere [4] 
 
1.3 Solar Photovoltaics 
The French physicist Edmond Becquerel, in 1839 discovered the photovoltaic effect while 
studying the behavior of solids in electrolytes. When metal plates (silver or platinum) 
immersed in a solution were exposed to light, a small voltage and current were produced. 
Few years later, Charles Fritts fabricated the first thin selenium solar cell, predicting the 
potential of this energy source [5]. The advances in solid state electronic technology in the 
1950‟s lead to the fabrication of the silicon solar cell, developed in the Bell Telephone 
Laboratories by Chapin, Fuller and Pearson [6]. The first silicon solar cell had an efficiency 
of 6 %. This discovery was the beginning of the active research in high efficient and low 
cost photovoltaic devices. The market areas of the first commercialized cells in the fifties 
corresponded to smaller power requirements, such as telephone repeaters requiring tens of 
Watts. The first impacts of the solar photovoltaics were realized for space applications when 
the satellite Vanguard-I was launched in 1958, containing a small six silicon cell panel, 
providing about 5 mW of power. Two months after the Vanguard launch, the USSR 
launched a much larger solar powered satellite, which worked for over two years. Since 
then, practically all spacecrafts have been powered by solar cells. The limitations in the 
fossil-fuel resources and the oil embargo in 1973 turned the industry to support the 
terrestrial requirements. 
 
During the last decades of the 20th century, the technology and industry developed 
extensively, with module shipment exceeding 200 MW/year and installations of remote and 
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central power stations producing hundreds of megawatts [3]. While silicon technology 
achieved efficiencies close to the theoretical limits (≈ 33%), new approaches were 
investigated in order to reduce the high costs involved in crystalline cells. Therefore, since 
the eighties an intense activity in the research of new materials for the production of large-
scale high efficiency cells took place. As a result, new emerging technologies have 
penetrated in the photovoltaics market, which up to some years ago was absolutely 
dominated by crystalline silicon technologies. Among these technologies, amorphous silicon 
(a-Si), polycrystalline and multicrystalline silicon (p-Si), II-VI compounds, copper indium 
diselenide (CISe) and copper indium gallium diselenide (CIGS) have already achieved 
commercial maturity. 
 
1.4 Solar Cell 
A solar cell is an electronic device designed for converting the irradiated Sun light into 
electricity. The temperature difference between the surface of the sun with a temperature of 
T = 5800 K and the surface of the earth (T = 300 K) is the driving force of any solar energy 
conversion. Solar cells and solar modules directly convert the solar light into electricity 
using the photovoltaic effect. Thus, a solar cell needs a photovoltaic absorber material 
(semiconductor) that not only absorbs the incoming light efficiently but also able to create 
mobile charge carriers, electrons and holes, which are separated at the terminals of the 
device without significant loss of energy. The simplest way to achieve this is by 
constructing a p-n homojunction, although there are other structures, such as 
metal/semiconductor (MS), metal/insulating/semiconductor (MIS) and complex 
heterojunctions that have been used as solar cells. The operation of the usual photovoltaic 
cell involves four different steps. First, the photons with energy greater than the bandgap of 
the material are absorbed to generate electron/hole pairs. These photogenerated carriers 
diffuse to the edge of the depletion region of the junction, where they are separated and 
swept by the internal electrical field of the junction (shown in Figure 1.2). Finally, the 
separated carriers are collected via ohmic contacts with grid structures. The electrical 
behavior depends on the type of cell, and the electronic properties of the material. 
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Figure 1.2: p-n junction formation and separation of electrons and holes 
 
Ideal solar cells under illumination: 
Generation of photocurrent upon light incidence on the semiconductor absorber is explained 
above. The generated photocurrent is mathematically formulated using the junction 
characteristics of the diode. A mathematical model is generally constructed to understand 
the concept of photocurrent generation by the absorption of photons wherein it is assumed 
that the generation rate of electron-hole pairs by illumination is uniform throughout the 
device to simplify the model [7]. The output photocurrent of the solar cells under 
illumination is the superimposed mixture of diode current and a constant photocurrent (JL) 
and is given by the equation: 
 
       ( 
  
    )      (1.1) 
 
                (1.2) 
 
where J0 is the saturation current density, V is bias voltage, k is Boltzmann constant, T is 
temperature, JL is photocurrent density, G is generation rate of electron hole pairs, W is 
width of the depletion layer, Le and Lh are the electron and hole diffusion lengths. 
 
Note that the photocurrent JL contains the photo-generated carriers by light in the depletion 
region of the diode and a minority carrier diffusion length on either side [7]. Therefore it is 
6 
straightforward to conclude that longer minority carrier lifetimes and wider depletion width 
lead to higher photocurrent. 
 
 
Figure 1.3: Typical J-V characteristics of solar cell 
 
Current density-voltage characteristics of solar cells in the dark and under illumination are 
illustrated in Figure 1.3. Several parameters are used to characterize solar cell output such as 
open-circuit voltage, short circuit current density, fill factor and conversion efficiency, etc. 
These parameters are critical to the performance of the solar cell and understanding them is 
the key to improve the device performance. In this context, these parameters are defined as 
follows.  
 
The short-circuit current is the current through the solar cell when the voltage across the 
solar cell is zero (i.e., when the solar cell is short circuited). The short-circuit current is due 
to the generation and collection of light-generated carriers. For an ideal solar cell at most 
moderate resistive loss mechanisms, the short-circuit current and the light-generated current 
are identical. Therefore, the short-circuit current is the largest current which may be drawn 
from the solar cell. ISC depends significantly on the area of the solar cell which is the reason 
often it is expressed in terms of short circuit current density (Jsc), as shown in Figure 1.3, to 
avoid the area dependence in the calculations. (Jsc) depends on several parameters such as 
the incident power of sun light (essentially defines the number of photons incident on the 
sample), the spectrum of sun light (like AM 1.5, AM 1.0, etc.), the optical properties of 
solar cell and the photo-generated carrier collection probability. JL is the light generated 
current density inside the solar cell and is the correct term to use in the solar cell equation, 
as shown in equation 1.1. At short circuit conditions the externally measured current density 
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is Jsc. Since Jsc is usually equal to JL, the two are used interchangeably and for simplicity and 
the solar cell equation is written with Jsc in place of JL. However, in the case of very high 
series resistance (> 10 Ωcm2) Jsc is less than JL and writing the solar cell equation with Jsc is 
incorrect.  
 
The open-circuit voltage, VOC, is the maximum voltage available from a solar cell, and this 
occurs at zero current. The open-circuit voltage is shown on the J-V curve in Figure 1.3. The 
Voc can be obtained by setting J to be zero in equation 1.1 and is formulated as: 
 
       (
  
  
  ) (1.3) 
 
From Figure 1.3, a parameter Pm is observed which corresponds to the maximum power 
output of the solar cell. From the Pm value the corresponding Vm and Jm can be inferred from 
the figure, which are then used to define a parameter called Fill Factor. The short-circuit 
current and the open-circuit voltage are the maximum current and voltage respectively from 
a solar cell. However, at both of these operating points, the power from the solar cell is zero. 
The fill factor, more commonly known by its abbreviation "FF", is a parameter which, in 
conjunction with Voc and Isc, determines the maximum power from a solar cell. The FF is 
defined as the ratio of the maximum power from the solar cell to the product of Voc and Isc. 
Graphically, the FF is a measure of the "squareness" of the solar cell and is also the area of 
the largest rectangle which will fit in the IV curve. 
 
     
     
       
 (1.4) 
  
The efficiency is the most commonly used parameter to compare the performance of one 
solar cell to another. Efficiency is defined as the ratio of energy output from the solar cell to 
input energy from the sun. In addition to reflecting the performance of the solar cell itself, 
the efficiency depends on the spectrum and intensity of the incident sunlight and the 
temperature of the solar cell. Therefore, conditions under which efficiency is measured must 
be carefully controlled in order to compare the performance of one device to another. 
Terrestrial solar cells are measured under AM1.5 conditions and at a temperature of 25°C. 
Solar cells intended for space use are measured under AM0 conditions. The energy-
conversion efficiency, η, is given by: 
8 
 
    
          
   
 (1.5) 
  
where Pin is the total power of the light incident on the solar cell. 
 
Non-ideal solar cells 
The solar cells in practical usage have several issues such as grain boundary and defects in 
devices making them non-ideal. In order to characterize solar cells more precisely, an 
equivalent circuit containing series resistance RS and shunt resistance RSH is usually 
employed to describe the diode performance (Figure 1.4). The major causes of the series 
resistance are the bulk resistance of the semiconductor materials, metallic contacts and 
interconnections, and the contact resistance between the metallic contacts and 
semiconductor. The shunt resistance is influenced by the leakage across the p-n junction via 
crystal defects and impurities. High series resistance and low shunt resistance can reduce 
VOC and JSC.  
 
 
Figure 1.4: Equivalent circuit for non-ideal solar cells 
 
Based on the equivalent circuit the current density-voltage relation can be inferred as:  
 
       ( 
        
     )  
     
   
      (1.6) 
 
where n is the diode ideality factor. 
 
The saturation current density J0 may be written as: 
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(
   
   ) (1.7) 
 
where Ea is the activation energy and the pre-factor J00 is only weakly temperature 
dependent. The diode quality factor n = 1 for recombination at back surface, in the 
quasineutral region, and at the absorber/buffer interface, whereas for space charge 
recombination n = 2. Pictorial representation of J-V characteristics with varied RS and RSH 
are shown in Figure 1.5. 
 
 
Figure 1.5: J-V characteristics of a solar cell with a) varied series and b) shunt resistances. 
Reproduced from [7]. 
  
Based on the above analysis, for a semiconductor to be used as a photovoltaic absorber, its 
bandgap energy Eg is the primary quantity defining how many charge carriers are generated 
from solar photons with energy E ≥ Eg. Maximizing the number of photons contributing to 
the short-circuit current density of a solar cell would require minimizing Eg. Since 
photogenerated electron hole pairs thermalize to the conduction-band and valence band 
edges after light absorption, the generated energy per absorbed photon corresponds to Eg 
regardless of the initial photon energy E. Thus, maximizing the band-gap energy Eg 
maximizes the available energy per absorbed photon. Therefore, one intuitively expects that 
an optimum band-gap energy exists between Eg = 0, maximizing the generated electron–
hole pairs, and Eg → ∞, maximizing the generated energy contained in a single electron–
hole pair. Quantitatively, this consideration is reflected in the dependence of the maximum 
achievable conversion efficiency of a single band-gap photovoltaic absorber material [8]. 
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The typical requirements that need to be met by the photovoltaic absorber layers to ensure 
the maximum efficiency of the device [7-9], are as follows: 
1. A direct band gap with nearly optimum values for either homojunction or 
heterojunction devices.  
2. A high optical absorption coefficient, which minimizes the requirement for high 
minority carrier lengths.  
3. The possibility of producing n and p-type material, so that the formation of 
homojunction as well as heterojunction devices is feasible. 
4. A good lattice and electron affinity match with large band gap window layer 
materials so that heterojunctions with low interface state densities can be formed 
and deleterious band spikes can be avoided. 
A number of materials satisfy the above requirements and are explored as the absorber 
layers in solar cells, are discussed in the next sections. 
 
1.5 Solar Cell Technologies 
Photovoltaic cells are broadly classified into four types based on the usage of absorber 
materials for the cell production. They are: 
1. First generation solar cells (single silicon crystal wafers, c-Si) 
2. Second generation solar cells 
a. Amorphous silicon (a-Si) 
b. Polycrystalline silicon (poly-Si) 
c. Cadmium Telluride (CdTe) 
d. Copper indium gallium diselenide (CIGS) 
3. Third generation solar cells 
a. Nanocrystal solar cells 
b. Photoelectrochemical cells (Grätzel cells) 
c. Polymer cells 
d. Dye sensitized solar cells 
4. Fourth generation solar cells (Hybrid – inorganic crystals with a polymer matrix) 
 
These different types of materials have their own advantages and disadvantages which 
resulted in different cell efficiencies. The relevant particulars of these materials have been 
explored here. 
 
1.5.1 First Generation Solar Cells 
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First generation photovoltaic cells are the dominant technology in the commercial 
production of solar cells, accounting for more than 80 % of the solar cell market. Cells are 
typically made using a crystalline silicon wafer and consists of a large-area, single layer p-n 
junction diode. Silicon has been and continues to be the foundation of the photovoltaics 
industry. Silicon‟s properties are well known and the technological aspects of the growth of 
crystalline silicon have been profusely studied during the development of the electronic 
industry. Moreover, silicon comprises about the 20 % of the Earth‟s crust, which makes this 
element a good choice for large productions. A most common approach to fabricate these 
cells is to process discrete cells on wafers sawed from silicon ingots. There are other 
approaches including make of ingots into either mono-crystalline or multi-crystalline and 
cutting of silicon wafers from multi-crystalline ribbons. This recent approach saves energy 
to process discrete cells. The band gap range of 1.11 eV aids in efficient broad spectral 
absorption, however, its indirect nature leads to lower absorption coefficient and often 
requires thicker wafers to improve the efficiency. Efficiencies have reached up to 25.6 % on 
the laboratory scale and 23 % for the module scale [10]. In addition to broad spectral 
absorption range, high carrier mobilities are another significant advantage of the first 
generation solar cells. However, they require expensive manufacturing technologies such as 
growing and sawing of ingots which is a highly energy intensive process. In addition, most 
of the higher energy photons, at the blue and violet end of the spectrum, are wasted as heat. 
 
1.5.2 Second Generation Solar Cells 
The second generation solar cells use thin-film deposits of semiconductors as absorber 
layers. A thin film is a material created by the random nucleation and growth processes of 
individually condensing/reacting atomic/ionic/molecular species on a substrate. The 
structural, chemical, metallurgical and physical properties of such materials are strongly 
dependent on a number of deposition parameters and thickness. Thin-films encompass a 
considerable thickness range, varying from few nanometers to tens of micrometers and thus 
are best defined in terms of „birth processes‟ rather than thickness. The atomistic random 
nucleation and growth processes bestow new exotic properties to thin-film materials. The 
following features of thin-film processes are of specific interest for thin-film based solar 
cells: 
1. Several varieties of techniques such as physical, chemical, electrochemical, plasma 
based and hybrid methods are available for depositing thin-films  
12 
2. Varying the deposition parameters and/or substrate, the microstructure and other 
properties of the thin-films of most materials can be varied from one extreme of 
amorphous/nanocrystalline to highly oriented and/or epitaxial growth  
3. A wide range of shapes, sizes, areas and substrates are available for thin-film 
deposition 
4. Doping and alloying even with incompatible materials can be obtained due to the 
relaxed solubility conditions  
5. Suitable materials can be used during deposition to passivate surfaces and grain 
boundaries 
6. Different types of electronic junctions, single and tandem junctions, are feasible 
7. Graded bandgap, composition and lattice constants can be obtained to meet the 
requirements for a designer solar cell 
8. Composition in case of multicomponent materials, bandgap and other 
optoelectronic properties, can be graded in desired manner 
9. Surfaces can be modified to achieve desired optical reflectance/transmission 
characteristics, haze and optical trapping effects 
10. Besides conservation of energy and materials, thin-film processes are in general 
eco-friendly [For example, the chemical bath deposition process accepted for 
depositing CdS window layer] and qualify as „Green‟ processes 
 
Various materials like amorphous Si, poly-crystalline Si, GaAs, CdTe, CIGS, CZTS, CIAS, 
etc. are under intense research for the application in thin-film solar cells. Among these 
multinary compound semiconductors often possess a direct band-gap and hence a large 
optical absorption coefficient leading to high cell efficiencies. GaAs is the leading candidate 
among thin-films solar cells with a highest cell efficiency of 28.8 % [10]. Thin-films solar 
cells offer several advantages compared to the other conventional materials as following: 
1. Lower manufacturing costs 
2. Lower cost per watt can be achieved  
3. Reduced mass 
4. Less support is needed when placing the samples on rooftops 
5. Allows fitting panels on light or flexible materials, even textiles  
 
However, the efficiencies of thin-film solar cells are lower compared silicon wafer based 
solar cells. Increased toxicity due to the elements like Cd and Se is another disadvantage of 
thin-film technology.  
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1.5.3 Third Generation Solar Cells 
These devices do not rely on a traditional p-n junction to separate photogenerated charge 
carriers compared to the previous semiconductor devices. They include devices based on 
nanocrystal solar cells, photoelectrochemical cells, dye-sensitized solar cells (DSSC), 
polymer solar cells, etc. Cell efficiency has reached up to 12 % for laboratory scale for the 
case of DSSC and the module efficiency is in the range of 8 % [11]. However, a path 
breaking record efficiency of 15 % is reported for DSSC wherein a perovskite based solid 
state dye is being used [12]. Third generation materials have several advantages such: low-
energy and high throughput processing technologies; polymer cells – solution processable, 
chemically synthesized, low materials cost; Grätzel cells – attractive replacement for 
existing technologies in low density applications like rooftop solar collectors, work even in 
low-light conditions; DSSC – potentially rechargeable (upgradeable). However, similar to 
second generation cells the efficiencies are lower compared to silicon based solar cells. In 
addition, degradation effects i. e. efficiency decreases with time due to environmental 
effects. Materials possess large bandgap which often leads to lower absorption of the solar 
spectrum. PEC cells suffer the degradation of electrodes from the electrolyte, often termed 
as photo-corrosion.  
 
1.5.4 Fourth Generation Solar Cells 
These solar cells make use of polymers with nanoparticles mixed together to make a single 
multispectrum layer. Significant advances in hybrid solar cells have followed the 
development of elongated nanocrystal rods and branched nanocrystals. Due to these aspects 
a significant improvement in the charge transport characteristics is observed. Incorporation 
of nanostructures into polymers required optimization of blend morphology using solvent 
mixtures. Cell design involves solid state nanocrystals (Si, In, CuInS2, CdSe), embedded in 
light absorbing polymer with p-type conductivity, such as PEDOT:PS, which carries holes 
to the counter electrode, coated on a transparent semi-conducting oxide (ITO). Cell 
efficiency is of the order of 6 % for laboratory scale and hasn‟t reached the module scale 
production [10]. These materials are solution processable, low cost, possibility of self-
assembly. Nanocrystals can also be printable on a polymer film which always leads to a 
potential possibility for improved conversion efficiency. However, efficiencies are lower 
compared to silicon based solar cells and potential degradation problems similar to polymer 
cells. 
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Efficiencies achieved by various technologies from different institutions across the world 
are shown in Figure 1.6. 
 
Figure 1.6: Efficiencies achieved by different technologies. Courtesy: NREL 
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Among these materials, CuInSe2 and Cu(In,Ga)Se2 thin-films based technologies have been 
under the intense research for the past two decades owing to their suitable direct bandgap 
and resulting high optical absorption coefficient. The large absorption of these materials 
often results in the use of thin-films of 1 – 3 μm instead of thick slices of Si of 300 μm. 
CIGS based technologies have already achieved efficiencies close to 21 % indicating their 
promise for the solar photovoltaic energy generation. However, as discussed previously, the 
commercialization of these solar cells has been limited due to the lack of an economic 
method to produce large area high quality films. In this context, the present work focuses on 
these technologies which are discussed in detail in the next sections. 
   
1.6 CuInSe2 (CIS) and Cu(In,Ga)Se2 (CIGS)  
Current trend in photovoltaics requires the development of high performance inexpensive 
solar cells that can serve in the long term as viable alternatives to the single crystal silicon 
technology. A wide range of II-IV compounds and a variety of multinary semiconductors 
satisfy the above requirements as discussed in section 1.4. Copper based ternary compounds 
with the chalcopyrite structure are one of the leading technologies due to their superior 
properties that are required for a typical solar absorber layer over other materials [13]. 
Foremost among those copper ternaries, that has emerged as leading candidates are the 
chalcopyrite-type CuInSe2.  
 
CuInSe2 (CIS) is a ternary semiconductor belonging to the I-III-VI class, crystallizes to a 
chalcopyrite structure, possesses a direct bandgap of 1.04 eV and an absorption coefficient 
of ≈ 105 cm-1 [13, 14]. The CIS-based solar cells are simple to produce and they also exhibit 
features like chemical stability, stability with time, and doping versatility. The absorbing 
layer is the key element of solar converters, which is produced mainly from the p-type 
semiconductor. CIS crystallizes in the tetragonal structure as shown in Figure 1.7, which is 
primarily a diamond like lattice with a face centered tetragonal unit cell [15]. Each selenium 
atom serves as the center of a tetrahedron of two copper and indium atoms. In turn, each 
metallic atom is surrounded by a tetrahedron of chalcogen atoms [16]. 
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Figure 1.7: Tetragonal chalcopyrite structure of CIGS 
 
The electrical properties of Cu ternary semiconductors are basically determined by native 
defects [17]. The determined characteristic of electrical properties of CIS films is due to the 
compensation between native donors and acceptors. There are three possible electrically 
actives defects namely, vacancies, interstitials and antisite defects [18-20]. It is these defects 
which determine the nature of the conductivity of CIS films whether n type or p type. 
Intrinsic copper vacancies (VCu) and copper on indium antisite defects (CuIn) are the 
electrically active defects for a typical p-type CIS film. On the other hand, intrinsic 
selenium vacancies (VSe) and indium on copper antisite defects (InCu) makes the CIS n-type. 
This kind of material is not preferred mainly because of the formation of copper selenide 
(Cu2Se). Cu2Se being highly conductive, shorts out the junction. Adding more Indium than 
copper reduces the formation of Cu2Se but it causes other defects like VCu and InCu which 
are compensating in nature [21]. Hence, the copper to indium ratio (Cu/In) is always 
maintained around unity. Samples with p-type conductivity are grown if the material is Cu-
poor and is annealed under high Se vapor pressure, whereas Cu-rich material with Se 
deficiency tends to be n-type. CIS films when suitably manufactured tend to be p-type 
because of the low energy of formation of copper vacancies which give the material its 
conductivity [17, 20, 22].  
 
CIS solar cells often yielded relatively lower open circuit potentials due to its small 
bandgap. This limitation is overcome by adding controlled amounts of gallium to replace 
indium in the CIS structure [23]. The band gap of CuIn1-xGaxSe2 varies according to the 
equation[24] 
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                             (1.8) 
 
Depending on the [Ga]/[In+Ga] ratio, the bandgap of CIGS can be varied continuously 
between 1.02 eV and 1.68 eV [23, 25]. Employing CIGS together with CIS extends the 
spectral range to the IR region. The quantum response of CIGS solar cell is shown in Figure 
1.8. The addition of about 30% Ga in CIS increases the bandgap to 1.2 eV which has a 
closer match with the AM 1.5 solar spectrum as observed in Figure 1.8 [8, 25]. Addition of 
gallium not only increases the band gap but also has other beneficial effects [25]. The 
addition of Ga improves the adhesion of the film to the Mo substrate. The carrier 
concentration in the absorber is also reported to increase with addition of gallium. 
Moreover, defect chemistry, electron and hole affinities, film morphologies and lattice 
constants are also affected by the addition of Ga [8, 25]. 
 
 
Figure 1.8: Quantum response of CIGS solar cell for AM 1.5 G irradiance 
 
The addition of Ga in the film can be carried out in a way that the concentration of Ga is the 
same throughout, resulting in homogenous films with uniform bandgap everywhere. The Ga 
profile in the absorber can also be varied resulting in graded band gap structures. By using 
graded compositional profiles, i.e. higher gallium concentration towards the back contact, a 
back-surface field (BSF) is achieved since a higher concentration of gallium mainly 
increases the conduction band level in the CIGS layer [26, 27]. A reduced back-contact 
recombination has earlier been demonstrated by the use of such a BSF. Band-gap grading 
creates a quasi-electric field due to the conduction band bending, moving the electrons 
towards the junction thereby increasing the probability of their collection. Further, graded 
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band gap structures could be developed which could result in an improvement in VOC 
without reduction in ISC [28]. Though it is beneficial to add Ga to improve the properties of 
CIS, there is a limit to which it serves favorable. Higher Ga content of 40% has a 
detrimental effect on the device performance, because it negatively impacts the transport 
properties of the CIGS absorber film. The current, high-efficiency devices are prepared with 
bandgaps in the range 1.20–1.25 eV, which corresponds to a Ga/(In+Ga) ratio between 25 
and 30% [28-32]. 
 
To summarize, CIS and CIGS materials have specific advantages over other materials 
owing to above properties for solar cell applications. To name a few: 
1. Well-adapted direct bandgaps which are suitably controlled by alloying 
2. Possibility of p-type and n-type doping 
3. Extremely good stability 
4. Large absorption coefficients 
5. Well-suited lattice and electron affinity for common window layers such as ITO, 
ZnO, etc. 
Disadvantages: 
1. Complex stoichiometry  
2. Less abundance of materials 
3. Toxicity of Se 
 
1.7 Design of CIGS Solar Cell: Role of Different Layers 
Thin film technology based on CIS appeared at the end of the seventies [33]. In 1982 a 
CIS/CdS cell was confirmed, with efficiencies greater than 10 % [34]. Incorporation of Ga 
in the CIS compound made possible to reach efficiencies over 20 % [29-31]. Furthermore, 
these devices show excellent stability. Most commonly CIGS based solar cells are grown in 
substrate configuration as shown in Figure 1.9. This configuration gives the highest 
efficiency owing to a favorable process conditions and material compatibility. Device 
fabrication is usually done in a substrate configuration starting with the deposition of back 
contact, usually Mo, on glass, followed by the p-type CIGS absorber, CdS buffer layer, 
undoped ZnO, n-type transparent conductor (usually Al: ZnO), metal grid, and antireflection 
coating. In addition, it requires an encapsulation layer and/or glass to protect the cells 
surface. The structure of CIGS solar cell is quite complex because it contains several 
compounds as stacked films that may react with each other. Fortunately, all detrimental 
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interface reactions are either thermodynamically or kinetically inhibitive at ambient 
temperature. The role of each of the layers is explained in detail in the following sections. 
   
 
Figure 1.9: Typical CIGS solar cell configuration 
 
1.7.1 Back Contact 
The back contact made out of a metal, covers the entire back surface of the solar cell and 
acts as a conductor to extract the holes from the solar cell. Molybdenum (Mo) is the most 
common metal used as a back contact for CIGS solar cells. Several metals Pt, Au, Ag, Cu 
and Mo, have been investigated as back contacts [35-37]. In addition, polyimide (flexible) 
has also been explored [32]. Among these, Mo emerged as the dominant choice for back 
contact due to its relative stability at the processing temperature, resistance to alloying with 
Cu and In, and its low contact resistance with CIGS. The typical value of resistivity of Mo is 
nearly 5 × 10-5 Ω cm or less. Mo is typically deposited by e-gun evaporation [38] or 
sputtering [39-42] on soda lime glass which ideally provides inert and mechanically durable 
substrate at temperatures below 500-600 °C. In addition, formation of a thin p-type MoSe2 
layer between Mo and CIGS during the annealing at temperatures higher than 500 °C is 
beneficial for the cell performance for several reasons [43, 44]. First, it forms a proper 
ohmic back contact. The Mo/CIGS contact without MoSe2 is a not an ohmic but Schottky 
contact which causes resistive losses [43, 45]. Another advantage is the improved adhesion 
of the absorber to the Mo back contact. Further, since the bandgap of the MoSe2 is wider 
(about 1.4 eV [43]) than that of a typical CIGS absorber, it forms a back surface field for the 
photogenerated electrons [43, 45, 46], providing simultaneously a low resistivity contact for 
holes [47]. The back surface field reduces recombination at the back contact since the 
insertion of a wider bandgap layer (of the same conductivity type as the absorber) between 
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the back contact and the absorber creates a potential barrier that confines minority carriers 
in the absorber. Finally, the MoSe2 layer prevents further reactions between Mo and CIGS 
[48]. Typically, MoSe2 has a thickness in the range of 10 – 40 nm for devices with high 
efficiencies [44].  
 
1.7.2 Absorber Layer 
Absorber layer is the heart of the solar cell which plays the important role of photovoltaic 
effect. The primary function of the absorber layer is to generate the electron-hole pairs upon 
exposure to sunlight. CIS or CIGS, play the role of absorber layer, are often simply referred 
to as chalcopyrites because of their crystal structure. These materials are easily prepared in a 
wide range of compositions as discussed in the later sections. However, for the preparation 
of the solar cells, only slightly Cu-deficient compositions of p-type conductivity are suited. 
CIS/CIGS material properties have been mentioned in previous sections and are not 
discussed here. 
 
1.7.3 Buffer Layer 
Semiconductor compounds with n-type conductivity and band gaps between 2.0 and 3.6 eV 
have been applied as buffer for CIGS solar cells. However, CdS remains the most widely 
investigated buffer layer, as it has continuously yielded high-efficiency cells [30, 31]. CdS 
for high-efficiency CIGS cells is generally grown by a chemical bath deposition (CBD), 
which is a low-cost, large-area process. However, incompatibility with in-line vacuum-
based production methods is a matter of concern. One advantage of the CBD method as 
compared to evaporation is that a complete, conformal coverage of the CIGS surface can be 
obtained at very low thicknesses [49].  
 
The role of the CdS buffer layer is twofold: it affects both the electrical properties of the 
junction and protects the junction against chemical reactions and mechanical damage. From 
the electric point of view the CdS layer optimizes the band alignment of the device and 
builds a sufficiently wide depletion layer that minimizes tunneling and establishes a higher 
contact potential that allows higher open circuit voltage value [49]. The buffer layer also 
plays a very important role as a “mechanical buffer” because it protects the junction 
electrically and mechanically against the damage that may otherwise be caused by the oxide 
deposition (especially by sputtering). Moreover, in large-area devices the electric quality of 
the CIGS film is not necessarily the same over the entire area, and recombination may be 
enhanced at grain boundaries or by local shunts. Together with the undoped ZnO layer, CdS 
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enables self-limitation of electric losses by preventing defective parts of the CIGS film from 
dominating the open circuit voltage of the entire device. In addition to the CdS, several 
other buffer layers such as Cd1-xZnxS [50], ZnS [51], ZnSe [52], (Zn,Mg)O [53], In2S3 [54, 
55], In2Se3 [56], InZnSex [57], etc. have also been explored to essentially avoid toxic Cd in 
the device fabrication.   
 
1.7.4 Front Contact 
There are two main requirements for the electric front contact of a CIGS solar cell device: 
sufficient transparency in order to let enough light through to the underlying parts of the 
device, and sufficient conductivity to be able to transport the photo-generated current to the 
external circuit without too much resistance losses. Transparent conducting metal oxides 
(TCO) are used almost exclusively as the top contacts. Narrow lined metal grids (Ni–Al) are 
usually deposited on top of the TCO in order to reduce the series resistance. The quality of 
the front contact is thus a function of the sheet resistance, absorption and reflection of the 
TCO as well as the spacing of the metal grids.  
 
Today, CIGS solar cells employ either tin doped In2O3 (In2O3:Sn) or, more frequently, RF 
sputtered Al-doped ZnO. A combination of an intrinsic and a doped ZnO layer is commonly 
used, although this double layer yields consistently higher efficiencies, the beneficial effect 
of intrinsic ZnO is still under discussion. It has been shown that device performance 
increases due to the increase in VOC by 20 – 40 mV. Resistive oxide layer provides, together 
with buffer, a series resistance that protects the device from local electrical losses that may 
originate from inhomogeneties of the absorber. Doping of the conducting ZnO layer is 
achieved by group III elements, particularly with aluminum. For high-efficiency cells the 
TCO deposition temperature should be lower than 150 °C in order to avoid the detrimental 
inter-diffusion across CdS/CIGS interface. 
 
1.7.5 Band Diagram and Other Device Aspects 
CIGS solar cell consists of different layers as explained above; the band diagram of the cell 
has become complex due to the presence of these layers. The band diagram of CIGS based 
solar cell is shown in Figure 1.10. The built-in field constituted by the CIGS/CdS 
heterojunction is responsible for the separation of photo-generated carriers, thereby, 
inducing photocurrent from the cell. The heterojunction is in fact so complex that several 
approaches have been used to model its electrical behavior. The first CIS/CIGS-based cells 
used a thick CdS window layer, which was responsible for the important electronic losses in 
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these early devices, due to the recombination at the CdS/absorber interface [58]. The 
introduction of a highly doped ZnO window layer, together with the thickness decrease of 
the CdS layer, increased the band bending in the absorber and decreased the recombination 
rate of electrons at the heterointerface such that in the actual state-of-the-art, it is accepted 
that recombination at the interface does not limit the VOC of the device. Probably the 
recombination at the space charge region in the bulk of the absorber constitutes the 
dominant electronic loss mechanism in high efficiency devices [47]. 
 
 
Figure 1.10: Band diagram of CIGS solar cell 
 
There are several aspects of the chalcopyrite-based solar cells that are not totally 
understood. For example, it is generally accepted that the presence of Na in appropriate 
amounts (0.1 %) in the CIGS films improves the device performance [59]. The benefits of 
the Na are probably a result of manifold consequences. Moreover, the formation of NaSex 
compounds during the formation of the film slows down the growth of the CIGS grains, 
facilitating the incorporation of Se and widening the existence range of the chalcopyrite 
CIGS compound in the equilibrium phase diagram [60]. The diminishment of the number of 
VSe defects and the Na-promoted oxygenation and passivation of grain boundaries are other 
mechanisms influencing the properties of the resultant absorbers [59]. Therefore, it is 
necessary to control the incorporation of Na in the absorbers, which is either externally 
introduced or through the utilization of soda-lime glass substrates.  
 
Another example of the complex physical problems concerning these devices is the 
influence of the surface phases. The presence of Cu2-xSe crystalline phase in the surface of 
the CIGS films has a great influence on the electronic properties of CIGS films. This 
secondary copper selenide phase has an equivalent free energy as that of CIGS and is stable 
even at the elevated temperature that is being used for the improved crystallinity of CIGS. 
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Cu2-xSe is a degenerate semiconductor and is expected to segregate to the grain boundaries 
and/or to the surface thereby leading to higher dark currents of the cell [24, 61, 62]. 
Therefore, it is crucial to avoid these secondary phases during the formation of CIGS from 
any method.  
 
Best CIGS-based cells are obtained with the utilization of Cu(In,Ga)(S,Se)2 pentenary 
absorbers [63, 64]. Ga and S are added in order to tune the gap of the absorber. As 
previously mentioned, Ga increases the bandgap of CIGS up to 1.2 eV, as a consequence, 
the open-circuit voltage of the cells increases, achieving values above 0.7 V without 
decreasing cell efficiency [28]. High Ga contents increases (Eg – eVOC). This is due to either 
unfavorable band alignment or Fermi level pinning. In addition to the effect upon the 
bandgap, the incorporation of Ga has similar effects like that of the introduction of Na. The 
existence of the chalcopyrite phase is substantially widened, decreasing the sensitivity of the 
cell performance to stoichiometric deviations. The Ga addition also increases the free carrier 
density, increasing the conductivity one order of magnitude [25], which has been explained 
in terms of defect physics considerations [63].  
 
Sulphur constitutes another alloying element commonly employed in the commercial cells. 
The incorporation of S in the films promotes the surface segregation of CuS, which must be 
removed by an additional step in the industrial process. Despite this drawback, the 
improvement in the open circuit voltage achieved is in the range of 100 mV [65]. This 
increase is mainly attributed to a passivation of recombination centers, which strongly 
affects the electrical transport properties of the material.  
 
Knowing the material properties of CIGS and various device aspects, the next important 
step is to make these materials. In this context, various techniques explored for the 
preparation of CIGS absorber layers are discussed in the following sections.  
 
1.8 Synthesis Methods of CIGS Absorber Layer 
The construction, working and several other aspects concerning CIGS based solar cells are 
briefed in the previous section. However, the essential task is to look at the methods for the 
synthesis of CIGS absorber layer since technique used for production decides the economic 
viability of CIGS solar cell. A wide variety of thin-film deposition methods have been used 
to deposit CIGS thin-films. To determine the most promising technique for the commercial 
manufacturing of modules, the overriding criteria are: (i) low cost, (ii) scalability, (iii) 
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reproducibility and (iv) manufacturability. Ultimately, the techniques should be capable of 
cutting down the costs of solar panels drastically in the future. For CIGS, device 
considerations dictate that the layer should be at least 1μm thick and that the relative 
compositions of the constituents are kept within the bounds determined by the phase 
diagram. The promising deposition methods for the commercial manufacturing of modules 
can be divided into two general categories namely vacuum-based and non-vacuum based 
approaches.  
 
1.8.1 Vacuum based Techniques 
Methods which adopt vacuum for the deposition of CIGS thin-films are termed under 
vacuum-based approach category. Physical vapor deposition techniques including co-
evaporation, sputtering, molecular beam epitaxy, pulsed laser deposition, etc. have been 
investigated for the formation of CIGS thin-films. Though vacuum is involved, these 
methods are the most promising for deposition of high efficiency CIGS devices and are 
explored for commercial manufacture of CIGS modules. The most successful technique for 
deposition of CIGS absorber layers for highest efficiency small area cells is the 
simultaneous evaporation of the constituent elements from multiple sources in single 
process where Se is offered in excess during the whole deposition process [36, 83]. Typical 
co-evaporation set-up is shown in Figure 1.11. Deposition is often performed under ultra-
high vacuum conditions using a molecular beam epitaxy (MBE) system which is either a 
two-stage or a three-stage process. Two-stage process involves co-evaporation of Cu-rich 
CIGS layer at a lower substrate temperature (450 °C), followed by In-rich layer at a higher 
temperature (550 °C). The layers intermix, forming a homogeneous film with a slightly Cu-
deficient overall composition. The three-stage process involves first the deposition of 
(In,Ga)2Se3 at a lower substrate temperature (about 300-350 °C) and then the evaporation of 
Cu and Se at a higher temperature (500-560 °C) to yield Cu-rich CIGS. After adding more 
(In,Ga)2Se3, a slightly Cu-deficient final film composition is achieved. Co-evaporated CIGS 
films yielded highest conversion efficiencies with the world record being 20.8 % by Jackson 
et al. wherein a potassium doping in the CIGS films was performed [30]. Several groups 
have reported CIGS cells with high efficiencies using co-evaporation method [29-32, 65-
67]. 
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Figure 1.11: Schematic of co-evaporation set-up for CIGS thin-films [68] 
 
Despite its indisputable power in preparing high-quality material on small areas, co-
evaporation has problems in upscaling. Co-evaporation requires a strict control of the 
evaporation fluxes to achieve the desired film properties such as composition, texture, and 
electrical properties making it a difficult choice for large area modules. As an inevitable 
consequence, the conversion efficiencies of large area cells and modules are considerably 
lower than those of the smaller-area devices. High-vacuum deposition methods typically 
waste expensive raw materials through unintentional deposition on the vacuum chamber 
walls and therefore, achieve relatively low materials-utilization efficiency. Even advanced, 
relatively high efficiency vacuum techniques such as dual rotatable magnetron sputtering 
only achieve materials utilization efficiencies of 75–80%. This low utilization of source 
materials will limit the potential for cost reductions.  
 
Although thin-film CIGS solar cells with power conversion efficiencies over 20 % have 
been demonstrated, the vacuum-based processes used to deposit the absorber layers in these 
devices pose cost and technological barriers in the production of low-cost PV modules. 
Hence, efforts to seek an economical and scalable method for the production of 
stoichiometric CIGS thin-films have been ongoing to realize the commercialization of these 
devices. Several non-vacuum based methods have been explored for this purpose and are 
discussed in the following section. 
  
1.8.2 Non-vacuum-based Techniques 
The development of non-vacuum process for CIGS deposition offers a number of potential 
advantages over the continued use of vacuum approaches [69]: 
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1. The equipment required for large-area device processing is significantly simplified 
and costs are reduced as vacuum is avoided.  
2. Materials utilization efficiencies close to 100% are achievable by non-vacuum 
processes that precisely direct materials to the desired location on the substrate 
surface. 
3. Solution-based deposition processes are potentially less energy intensive relative to 
vacuum-based approaches. Many solution-based approaches have low energy input 
and can deposit precursor layers at room temperature and utilize a short heat 
treatment technique, such as rapid thermal processing (RTP) to form CIGS.  
4. For several solution-based approaches, such as printing, doctor blade coating and 
stamping, one high-speed pass is sufficient to coat the substrate with a precursor 
film, meaning the processes can readily be made high throughput and are 
compatible with roll-to-roll processing of flexible substrates. 
 
Despite these advantages, unless low-cost PV modules maintain good power conversion 
efficiency the balance-of system costs associated with installed modules will lead to little or 
no reduction in the electricity cost as compared to vacuum deposited modules. With this 
requirement in mind, development of a non-vacuum deposition method to fabricate CIGS 
has become an intensively pursued goal in PV research and a variety of solution-based 
approaches have been demonstrated. 
 
Non-vacuum approaches, explored for the deposition of CIGS, can be roughly divided into 
three different categories depending on the deposition method and the scale mixing of the 
precursor materials.  
i) Electro-, electroless and chemical bath deposition where 
electrochemical/chemical reactions in a solution lead to the coating on an 
immersed substrate. 
ii)  Particulate based processes that use solid particles dispersed in a solvent to 
form an ink, which can be coated on a substrate. 
iii) Processes that coat molecular precursor solutions onto a substrate by 
mechanical means such as spraying or spin coating. 
 
The efficiency gap between vacuum and non-vacuum deposited CIGS has been reduced in 
past years and processes from the above categories have now reported cells with efficiencies 
of 11 – 15%, thereby, showing promise for commercialization. Among these methods, 
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electrochemical deposition is the most extensively explored technique for the deposition of 
CIGS absorber layers and has witnessed in high efficiency devices [70-74]. Of the non-
vacuum methods, ink-jet printing can certainly be a choice for the production of CIGS thin-
films owing to its simplicity and low cost. However, several problems associated with it 
such as formation of CIGS films with surface cracks need to be solved prior to the 
commercialization of these devices. The present study is focused on exploring 
electrochemical techniques for the deposition of CIGS which is discussed in detail in the 
following sections.  
 
1.9 Electrodeposition 
Electrodeposition, is an electrochemical plating process, uses an electric current or potential 
to reduce the desired metal ions from the solution onto a conducting object to form a thin 
layer of the material. In general, a conventional electrodeposition set-up contains three 
electrodes, namely, anode, cathode and reference electrode which are immersed in an 
electrolyte as shown in Figure 1.12. Saturated calomel electrode (SCE), Ag/AgCl, 
mercurous sulphate electrode (MSE), etc. are the most commonly used reference electrodes, 
which have a standard electrode potential vs. normal hydrogen electrode (NHE). A 
reference electrode is used to maintain the constant potential difference between the counter 
and the working electrodes. However, the use of reference electrode makes the process 
expensive for commercialization and has additional effects as explained later in 
experimental section. When an electric current/potential is supplied between the electrodes, 
the metal ions from the solution get reduced onto cathode by the use of potential difference 
between the electrodes. The electrode on which reduction takes place is a cathode or a 
working electrode and, in general, is the substrate of interest. At anode oxidation takes 
place. Anode is highly inert or noble material and does not take part in any reaction with the 
precursor solution or undergo any changes to the applied potential. Platinum is the most 
conventionally used anode in electrodeposition. However, high purity graphite can replace 
platinum to make the process more economical and scalable. 
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Figure 1.12: Typical electrodeposition set-up containing three electrodes 
 
Electrodeposition is a promising economic approach to fabricate the absorber layers in thin-
film solar cells due to following advantages [9, 70, 72, 73]: 
1. Production of high quality films with very low capital investment 
2. Low cost and high rate process 
3. Use of very low cost starting materials e.g., low purity salts, solvents, based on 
automatic purification of the deposited materials during plating 
4. Continuous deposition of multi-components on large areas  
5. Uses low temperature for deposition  
6. Deposition of films on a variety of shapes and forms of wires, tapes, coils, and 
cylinders 
7. Controlled deposition rates and effective material use as high as 98% 
8. Minimum waste generation i. e. solution can be recycled 
Owing to these advantages, electrodeposition satisfies all the necessary criteria for the 
research and development of PV solar cells. It is a low cost, scalable and manufacturable 
technique and therefore, is capable of cutting down costs of solar panels drastically in the 
future.  
 
In addition to the above mentioned advantages, electrodeposition involves unique 
techniques such as direct current plating and pulse plating. Among these, pulse plating again 
has two advanced features namely, pulse electrodeposition and pulse-reverse 
electrodeposition. These advanced techniques are unique in themselves that they provide 
additional process control variables and make electrodeposition an attractive tool for the 
deposition of semiconductors [75].  
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1.9.1 Direct Current (DC) Electrodeposition 
A constant current or potential is applied continuously during the deposition to coat the 
desired materials. Figure 1.13 shows the schematic of the direct current applied and the 
typical growth process corresponding to it. As it can be seen, DC technique has only two 
variables, namely, applied potential/current and time of deposition. However, the precursor 
concentration and electrolyte pH are the common variables for all techniques in 
electrodeposition. The morphology, composition and thickness of the deposit can be varied 
by varying the above mentioned parameters. However, the continuous use of constant 
potential/current leads to continuous deposition of films without any relaxation. The growth 
of existing nucleation sites takes place rather than generating new nucleation sites leading to 
a rough and porous deposit (Figure 1.13). In addition, hydrogen evolution reaction (HER) 
competes along with the deposition of desired materials as often aqueous electrolytes are 
used for the deposition. The HER not only influences the current efficiency of the technique 
but also the deposited film properties. The evolved hydrogen gets entrapped into the 
deposited films making it more porous during DC deposition. However, the use of additives 
in this conventional DC deposition has improved the morphology of the deposited films. 
Despite having several disadvantages, DC electrodeposition is still a leading technique for 
the production of single element deposits and binary alloys.  
 
 
Figure 1.13: Schematic of direct current (DC) electrodeposition and resulting growth process of 
the deposit 
 
1.9.2 Pulse Electrodeposition (PED) 
In a pulse electrodeposition (PED), current/potential is applied in the form of modulated 
waves. Figure 1.14 shows the typical waveform used during a PED. In contrast to the DC 
electrodeposition, pulse current helps to control on-time (ton) and off-time (toff).  
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Figure 1.14: Schematic of waveform in pulse electrodeposition (PED) and resulting growth 
process of the deposit 
 
Often, the variation in ton and toff is expressed using a common parameter known as duty 
cycle, which is defined by the equation: 
 
                 
   
         
       (1.9) 
 
The precise variation in duty cycle provides us to control electrochemical process by 
affecting the diffusion layer, grain size and nucleation. Usually in electroplating a 
negatively charged layer is formed around the cathode which gets charged to a known 
thickness and prevents the ions from the bulk (see Figure 1.15). The charged diffusion layer 
gets discharged and helps easier passage of the ions through the layer and onto the cathode 
during pulse electrodeposition wherein the output is periodically turned off. Moreover, 
higher current density areas in the bath become more depleted than low current areas. 
Migration of ions to depleted areas in the bath during off-time makes the even distribution 
of ions for the easy availability of deposition during on-time. Off-time is also called as 
relaxation time as there is no deposition. The presence of relaxation time between two 
successive intervals of deposition aids in the relaxation and the rearrangement of deposited 
atoms leading to the possibility of new nucleation sites during the subsequent deposition. 
This, in turn, not only improves the uniformity of deposition but also reduces the porosity 
and roughness of the deposit (see Figure 1.14). In addition, the entrapped hydrogen and 
impurities during the deposition diffuse out during the relaxation time. Complex 
stoichiometry of ternary/quarternary systems can be relatively easily controlled using PED 
deposition by the variation of ton and toff.  
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Figure 1.15: Charged layer at the electrode-electrolyte interface during the deposition 
 
Advantages of PED [76, 77]:  
1. Increase of the deposit homogeneity due to a higher throwing power even at 
complex shaped parts 
2. Dramatic improvement of the layer properties e.g. minority carrier diffusion 
3. By short cathodic pulses with a higher current density, nucleation process can be 
increased 
4. By very short anodic pulses with a higher current density leveling and smoothening 
effect can be achieved 
5. Controlling composition of ternary/quarternary systems by altering the pulse 
sequence 
6. Reduction in porosity can be achieved by eliminating the entrapped hydrogen 
during the deposition 
 
1.9.3 Pulse Reverse Electrodeposition (PRED) 
A pulse-reverse electrodeposition technique possesses all the features as that of pulse 
current electrodeposition. In addition, a small reverse/anodic pulse is applied between two 
successive forward pulses as in PED deposition. Figure 1.16 shows the typical pulse 
waveform used in a PRED technique and growth process of the deposit. The small anodic 
pulse is specifically advantageous since it oxidizes/removes a small layer from the surface 
of the deposited film. This will help in smoothening of the deposit, removing the impurities 
as well as the entrapped hydrogen. However, the anodic pulse plays a crucial role in the 
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deposition of systems like CIS and CIGS, wherein an undesired secondary Cu-Se phase 
exists on the surface, as previously discussed. With the appropriate control of the anodic 
pulse, excess copper and hence the undesired phases can be easily eliminated from the 
deposited films thereby, forming a phase-pure CIS/CIGS. Similar to PED deposition, the 
variation in pulse parameters is expressed using a common parameter known as duty cycle, 
which is defined by the equation: 
 
                 
  
      
       (1.10) 
 
where tc is the total cathodic pulse time and ta is the anodic pulse time. 
 
Figure 1.16: Schematic of waveform in pulse-reverse electrodeposition (PRED) and resulting 
growth process of the deposit 
 
These different electrodeposition techniques and their advantages make electrodeposition an 
attractive tool in the field of macro-electronics such as photovoltaics, large-area display 
devices and to the newly emerging field of nanotechnology. In addition, it‟s simple, 
economical and scalable which makes it a viable choice for the commercialization of PV 
solar modules.  
 
1.10 Literature: Electrodeposition of ternary/quarternary Chalcopyrites 
The goal of the electrodeposition (ED) is to assure an adherent, compact and a laterally 
uniform film with the desired stoichiometry. Lateral compositional uniformity is essential 
over large areas for commercialization of devices. The properties of the deposit solely 
depend on the control of individual parameters during ED such as electrode material, 
precursor concentration in electrolyte, applied potential/current and temperature. For single 
metallic systems like Cu or Zn these properties are well understood. However, the system 
becomes complex when two or more elements are being deposited. Deposition of CIGS 
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contains multiple elements including a chalcogen making the ED process substantially 
complex. Despite that electrochemical deposition appears to be a promising technique for 
the low-cost solution preparation of semiconductors [78-80]. Indeed, electrochemical 
deposition has been widely investigated for CIGS deposition since the pioneering work by 
Bhattacharya et al. in 1983 [81]. More than 250 papers have been devoted to the 
electrochemical preparation of CIGS and several review papers have appeared [69, 78, 79], 
making electrodeposition the most intensely studied non-vacuum deposition method for 
CIGS. In light of this, this section will focus on previously published work. 
 
The first electrochemical approach to deposit a polycrystalline CuInSe2 (CIS) was reported 
by Bhattacharya in 1983, wherein Cu, In and Se were simultaneously deposited from an 
acidic solution [81]. Quickly after the first report, several approaches have been proposed 
for the synthesis of CIS thin films. Hodes et al. deposited an alloy of Cu-In and annealed to 
form CIS [82]. Kapur et al. have followed a similar annealing of Cu-In films; however, here 
a stacked Cu-In layer has been deposited. Bhattacharya et al. have also annealed the stack of 
In-Se and Cu-Se to form CIS films. Such an approach has been used for long time for 
preparing copper/indium bilayers which are then reacted thermally with a selenium 
atmosphere to form CISe or In/Se bilayers for indium selenide. Two elements (Cu-In) were 
co-deposited by Herrero et al. [83]. In that case the precursor film is intimately mixed 
„„electrochemically‟‟ which can be an advantage with respect to stacked elemental layers. 
The deposition takes place for potentials more negative than that of the less noble element, 
here In. Moving a step further, in 1996, Massaccesi et al. have developed the approach of 
formation of binary metal selenides to ultimately form CIS films [84]. The basis for such an 
approach was the formation of many metallic selenides at relatively lower potentials than 
the individual elements due to their large formation energies (-386 kJ/mol for In2Se3, -418 
kJ/mol for Ga2Se3, -104 kJ/mol for Cu2Se). This concept led to new deposition domains in 
terms of the applied potential (see Figure 1.17) [78]. The redox potential of the reaction In3+ 
to In2Se3 involves 6e
- and is shifted by an amount of –ΔG/6F = 0.65 V, with respect to the 
deposition of metallic indium. This leads to an inference of plausible deposition of indium 
selenide can theoretically takes place below 0.35 V [84]. A similar mechanism is applied for 
copper and gallium selenides. This mechanism, known as the Kroger s mechanism, is a key 
point for the electrodeposition of good quality materials, since it allows self-regulating the 
composition of the film and is highly beneficial for improving the structural quality. This 
mechanism has been used by several researchers to form the stacked layers of binary 
metallic selenides which was then annealed to form stoichiometric CIS thin-films. 
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Figure 1.17: Electrochemical diagram showing the deposition domains of binary selenides 
(CuxSe, In2Se3, Ga2Se3) and individual elements (Cu, In, Ga, Se). Reproduced from [78]. 
 
However, it is of general interest to perform a simultaneous codeposition of all three 
elements together to reduce the number of steps in achieving stoichiometric chalcopyrite 
CIS and CIGS thin-films. Such an approach was first initiated by Bhattacharya [81], which 
is by far the most investigated case as it involves only one electrochemical process, often 
termed as one-step electrodeposition. However, due to the distinct electrochemical aspects 
of the three ions the system becomes more complex since there may be a possibility of 
formation of elements in their elemental form or as binary compounds in addition to the 
desired ternary CIS phase. Typical electrochemical reactions involving the reduction of 
elements and formation of CIS/CIGS phase are as follows [71]: 
 
 
                  
      
  
  
  
  [    ]                 [    ] 
(1.11) 
 
 
                  
      
  
  
  
  [    ]                  [    ] 
(1.12) 
 
 
35 
 
                  
      
  
  
  
  [    ]                  [    ] 
(1.13) 
 
 
          
                 
                             [      ] 
 
     
                  
                             [     
 ] 
 
    
                   
                             [    
  ] 
 
              
(1.14) 
 
where E is the electrode equilibrium potential with respect to the standard hydrogen 
electrode; and    
 ,    
 , and    
  are the standard electrode potentials of Cu, In, and Ga, 
respectively. F is Faraday‟s constant equals to 96,485 C/mol. The concentration of H+ is 
converted to a pH scale and shown in the equations. The logarithmic of concentrations of 
the different chemical species shifts the electrode equilibrium potential at the specific 
concentration. An electrochemical phase diagram involving formation of various phases 
with the variation in deposition potential is shown in Figure 1.18 [85]. 
 
 
Figure 1.18: Electrochemical phase diagram showing various phases in the Cu-In-Se system as 
a function of deposition potential and flux ratio of Se(IV) and Cu(II). The In(III) is assumed 
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excess. The potentials are referred to Mercurous Sulfate Electrode (-0.65V vs. NHE). 
Reproduced from [78]. 
 
One-step electrodeposition of CIS is usually carried out in an aqueous solution often 
containing chloride/sulfate precursors of Cu2+ or Cu+, In3+, and SeO2/H2SeO3. Owing to the 
limited solubility of Cu+ compounds and the instability of the free Cu+ ions in aqueous 
solutions, Cu2+ compounds are considerably more frequently used than Cu+ compounds. The 
deposition solution contains often a complexing agent in order to shift the reduction 
potentials of Cu and In closer together to improve the film quality. Complexing agents such 
as citric acid/citrate [86-89], ammonia [81], triethanolamine [81, 90], ethylenediamine [91], 
ethylene diamene tetra acetic acid (EDTA) [92], thiocyanate [61, 93, 94], etc. are used 
during the one-step electrodeposition of CIS thin-films. In addition, a supporting electrolyte 
such as chloride (LiCl [71-73, 95] or NaCl [92]) or sulfate (K2SO4 [85, 89, 96]) is added 
which results in an improved conductivity of the electrolyte leading to easier mobility of the 
precursor ions. Often amorphous or poorly crystalline CIS films were observed from 
electrodeposition which contains frequently degenerate Cu2-xSe phases that are detrimental 
to the device performance [61, 79]. Also, Cu-rich films have generally larger grain sizes 
than stoichiometric or In-rich films. Due to these reasons, the electrodeposited CIS films 
often require an annealing step under an inert atmosphere to improve the crystallinity of the 
films and to increase the grain size. In addition, electrodeposited CIS/CIGS films are often 
non-stoichiometric and need to be annealed in a selenium atmosphere to correct for the 
stoichiometry.  
 
Co-electrodeposition of CIS thin-films was first performed by Bhattacharya wherein 0.018 
M In3+, 0.018 M Cu+ and 0.025 M SeO2 were used as precursors. In addition, 0.006 vol.% 
triethanolamine and 0.007 vol.% NH3 were used as complexing agents and the pH was 
maintained at 1. The films were deposited on FTO coated glass substrates at -0.7 V vs. SCE 
at room temperature, and the solution was stirred during the deposition. Films had shown 
several peaks corresponding to chalcopyrite phase after annealing though the compositional 
analysis was not performed [81]. Vedel et al. explored the systematic reaction mechanism of 
electrodeposition of CIS thin-films wherein films were deposited on SnO2 electrodes by 
cyclic voltammetry as well as deposition experiments which predicts the formation binary 
Cu-Se prior to formation of CIS phases [97]. As the CIS phase formation occurs preceding 
the Cu-Se phase, several researchers have studied the Cu-Se phase alone by 
electrodeposition for possible mechanisms [98]. Presence of Cu2+ ions in the solution shifted 
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the reduction potential of Se4+ to the positive direction considerably resulting in reasonable 
quantities of Se deposition. This leads to the fact that Cu-Se formation enables the 
deposition of Se in electrodeposition. When In3+ concentration is not high enough, the 
electrodeposition process is limited by diffusion of all the three ions. Consequently, the film 
composition is determined by both flux ratios Se4+/Cu2+ and In3+/Cu2+ [91].  
 
Pottier and Maurin studied the electrodeposition of Cu-In, Cu-Se and CIS thin films on Ti 
and Ni rotating disc electrodes using 0-80 mM Na-citrate as complexing agent [89]. The 
presence of citrate was found to decrease reduction rate of Cu2+ resulting in better control 
over the Cu content in the as-deposited films. In addition, lower concentration of citrate 
resulted in the formation of smooth films, whereas large concentrations led to powdery 
deposits. Thus the main function of the complexing agent was to promote the formation of 
well-defined crystallized compounds [89]. Molin et al. studied the reactions in the citrate 
system on Ti electrodes [99, 100]. They have observed the formation of different 
compounds such as CuSe, Cu3Se2, CIS, and In-enriched CuInSe2 from the same deposition 
solution by varying the deposition potential [100]. Herein the group proposed the 
mechanism of formation of CIS by the reaction of In3+ with Cu3Se2 [99]. This study, 
however, led to an interesting aspect of widened potential range for the formation of CIS 
thin-films when the solution was stirred during the deposition. Moreover, the deposition rate 
and the current efficiency were found to increase but the film morphology did not change. It 
is generally known that the potential ranges for the formation of the various compounds 
depend on the total conductivity of the solution, cathode surface area (ohmic drops) and 
electrolyte temperature. Therefore, use of a suitable electrolyte to increase the conductivity 
of solution was explored wherein Na2SO4 was used as a supporting electrolyte resulting in 
the narrow potential range of CIS formation due to increase of the solution conductivity 
[101, 102]. 
  
Herrero et al. deposited CIS films on Mo substrates by using citric acid as the complexing 
agent [103]. In rich CIS films were result of the deposition, however, CuxSe was also found 
to be present in the samples. They also studied the effects of post-deposition treatments such 
as annealing for 15 min under Ar (at 200 to 600 °C) and etching in 0.5 M KCN at 40 °C for 
2 min. The film characteristics were found to depend on the sequence of post-deposition 
treatments. Etching of the as-deposited films resulted always in In-rich films, whereas 
etching after annealing resulted in more stoichiometric films due to the removal of small 
amounts of Cu and Se [103]. 
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Calixto et al unraveled the mechanism of CIS deposition by using a pH 1.5 solution at a 
deposition potential of -0.5 V [104, 105]. The as-deposited semi-crystalline films became 
polycrystalline after annealing at 500 °C under Ar for 30 min. Also the grain size increased 
upon annealing. The bulk of the film was found to be Cu-rich which was attributed to the 
growth mechanism: Cu and Se deposit during the first seconds, forming a CuxSe layer 
which enables the assimilation of In3+ ions. At the beginning, more Cu is deposited than In, 
but the amount of In increases as the deposition proceeds. That is why the film surface is 
poor in Cu [104]. This explains why photoelectrochemical (PEC) measurements showed p-
type conductivity and C-V measurements n-type conductivity [105]. PEC measurements 
mostly characterize the bulk of the film where the light is mainly absorbed, whereas C-V 
measurements give information about the surface since the depletion region is on the film 
surface [105]. Ueno et al. deposited CIS films on Ti substrates and observed the 
codeposition of In with Cu and Se at -0.6 V [106]. The as-deposited films deposited below -
0.6 V showed CIS and Cu3Se2 phases whereas only CIS phase was found for films deposited 
at -0.8 V. Films deposited at -1.0 V resulted in metallic In in addition to CIS. The films 
were compositionally non-uniform and exhibited poor surface morphologies. 
Photoelectrochemical measurements evidenced the high dark currents due to metal rich CIS 
films. Deposition of CIS films was performed on rotating Ti electrodes at -0.8 V vs. SCE by 
Khare et al. exhibited binary phases such as In6Se7 together with CIS [107]. The films were 
n-type and had rough surface morphologies and were thus potentially suitable for 
photoelectrochemical (liquid junction) solar cells [107]. Chemical treatments in Br2 (0.05-
0.1 vol.%) / MeOH and 0.1-0.5 M KCN solutions were also studied to remove the undesired 
secondary phases present in the annealed CIS films [108]. The Br2 treatment caused surface 
leveling but did not change the film composition whereas KCN was found to dissolve 
selectively Cu and Se. The sequence of the post-deposition treatments was again found to be 
of importance and the results obtained were similar to those in [108]. Ugarte et al. used 
EDTA as the complexing agent for the deposition of CIS films [92]. The as-deposited films 
showed amorphous CIS and the crystallinity improved upon annealing. The films were 
etched in a cyanide solution prior to the photoelectrochemical measurements that were 
performed in 0.5 M K2SO4 at pH 4.5. Despite the high dark currents (caused by the metal-
rich film composition as stated earlier by Ueno et al. [106]), the measurements revealed that 
the films were p-type. The best photoresponse was achieved when the deposition solution 
contained EDTA [92]. In addition to these studies, several researchers have reported about 
the variation in composition and morphology of the CIS films by varying the concentration 
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of precursors, deposition potential, pH, annealing conditions and using various complexing 
agents to ultimately achieve stoichiometric chalcopyrite CIS thin-films in the recent past 
[90, 109-129].  
 
In addition to the synthesis of CIS thin films by direct current (DC) electrodeposition a 
pulse electrodeposition (PED) techniques has been studies for the formation of CIS thin-
films. Pulse electrodeposition is an advanced form of electrodeposition which offers better 
control over the deposit properties by controlling the interfacial electrochemical reaction for 
the formation of thin film. PED technique is usually used to improve the quality of thin 
films via the application of current or potential with high instantaneous densities in pulses. 
This process has several advantages over DC electrodeposition since it lends itself to 
improved process control by virtue of the possibility of manipulating parameters such as 
deposition potential, duty cycle and period. It can produce a more homogeneous surface 
with good adhesion to the substrate because the rate-determining step of the 
electrodeposition process is controlled by a mass-transfer process. It also offers a better 
control over stoichiometry during the deposition of a ternary or a quarternary system as 
rearrangement and partial dissolution of the film occur during the off-time. The duty cycle 
defined in equation 1.9, is thus an important variable. Appropriate regulation of duty cycle 
provides a better control over the composition of individual elements and hence, 
stoichiometry of the films. Further, morphology of the films and the grain size distribution 
can also be conveniently controlled with the variation in on- and off-time during a pulse 
electrodeposition technique. These advantages not only result in superior quality thin-films 
but also enable one to avoid additional steps of deposition and/or the use of complexing 
agents. In addition, the process such as etching using a KCN to remove undesired Cu-Se 
secondary phase can be avoided by the suitable optimization of pule parameters to eliminate 
this undesired phase in the as-deposited CIS thin-films. Several studies have already been 
reported on the pulse electrodeposition of CIS thin-films.  
 
Kang et al. reported the preparation of CIS thin-films by pulse-reverse electrodeposition 
technique followed by selenization. Stoichiometric CIS films with higher adhesion and 
rough surface morphology were reported which were then used to fabricate the CIS-solar 
cell resulting in an efficiency of 1.42% [130]. Xiao Li et al. employed a square wave 
modulated by a bell-like wave during the pulse plating for the fabrication of CIS thin-films. 
The study reported well adherent chalcopyrite CIS films with a uniform morphology [86]. A 
three-step pulse electrodeposition method was used for the fabrication of CIS thin-films 
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reporting a mixture of phases such as Cu-Se, In-Se, CIS, etc. as confirmed from Raman and 
optical studies of the samples [131]. Deposition performed in three segments of pulse 
potentials could have resulted in these various phases. As a result the films showed an 
extremely poor photoresponse with the photocurrents of the order of 1-3 μA at -0.2 V. 
However, the study notes the presence of secondary phases to be advantageous since they 
absorb the light in UV range which could contribute to extra carrier generation. Valdes et al. 
employed different potentials during the pulses which resulted in chalcopyrite p-type CIS 
thin-films with different morphologies and composition of samples [132]. Murali et al. 
prepared CIS thin-films using pulse electrodeposition with varied duty cycle from 6- 50 % 
and reported the p-type phase pure CIS films with resistivities in the range of 1 to 10 ohm-
cm [133]. Hu et al. employed the deposition of CIS films by pulse electrodeposition wherein 
multi potentials were used to control the composition of the films which also resulted in the 
improved deposition uniformity without any secondary phases [134]. Similar reports on the 
compositional control of CIS thin-films by the variation of pulse parameters have appeared 
in the recent past [135-138]. 
 
Incorporation of Ga into the CIS thin-films, to improve the desired properties, was a 
challenging task for long time for the formation of quarternary CIGS thin-films. Ga has 
more negative reduction potential compared to the other three elements in the system and 
was extremely difficult to incorporate using the potential regime that has been employed for 
the deposition of CIS thin-films [78]. The incorporation of Ga by electrodeposition is yet 
more difficult than that of In due to its higher electronegativity. In addition, gallium selenide 
compounds also require more negative redox potential than those of indium selenides which 
makes it a challenging task for researchers unlike the case for CIS films wherein copper and 
indium selenides were successfully deposited and annealed to form chalcopyrite CIS thin-
films. However, this bottleneck has been overcome in the recent past. Several researchers 
have reported the successful incorporation of Ga in the films up to desired range of amounts 
(6 – 10%) for the preparation of high efficiency cells [71, 72]. Formation of CIGS films 
upon incorporation of Ga into CIS films was observed, interestingly, by a shift in the 
preferred (112) orientation from XRD studies [139]. This is essentially due to the lower 
atomic radius of Ga, the crystal structure of CIGS gets contracted as a whole leading to a 
decrease in the lattice parameter and hence, inter-planar spacing. This decrease in inter-
planar spacing in turn leads to a shift in the 2θ of XRD to higher values. Raman analysis of 
CIGS films predicted a similar shift to higher wavenumbers for the A1 mode [140]. It is also 
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known that incorporation of Ga increases the bandgap of chalcopyrite films which was 
observed from optical studies of CIGS films [26, 141-143].  
 
Bhattacharya et al. were the first to report the insertion of Ga from a chloride bath but to a 
very low content Ga/In ≈ 0.1 wherein a superimposed alternating voltages has been used at 
20 kHz [144]. But the breakthrough for the incorporation of Ga has been realized a little 
later when the group had used a pH buffer in the chloride bath, also known as Hydrion 
buffer (pH = 3) consisting of sulphamic acid and potassium hydrogen phthalate. The 
deposition potential was kept constant while the solution composition has been varied to 
realize the real possibility of incorporating Ga with the ratio Ga/In from 0.3 to 0.7. This 
process demonstrated the formation of CIGS films over a wide range of compositions 
suitable for efficient solar cells by one-step electrodeposition technique. CIGS layers 
generally deposited from the above mentioned electrodeposition technique often used an 
additional PVD step to achieve the required composition to form stoichiometric films [74, 
145]. However, the use of Hydrion buffer reduced the use of additional PVD processing to 
large extent since considerable amounts of Ga was incorporated into the films. Bhattacharya 
et al demonstrated a cell efficiency of 9.4 % by using a similar PVD step to improve the 
composition of In and Ga in the as-deposited CIGS thin-films [95]. Valderrama et al 
explored a similar electrodeposition technique followed by PVD step to achieve 
stoichiometric chalcopyrite CIGS films and additionally demonstrated the use of CIGS films 
to produce hydrogen by the use of photoelectrochemical testing of the films in H2SO4 [145]. 
On the other hand, Fahoume et al achieved the co-electrodeposition Cu, In, Ga and Se by 
shifting the deposition potential to more negative values. The ratio of In/Ga was observed to 
be 0, 0.4 and 1 for the deposition potential of -0.38, -0.68 and -0.78 V, respectively. 
Kampmann et al. also succeeded by incorporating Ga into CIS films achieving a Ga/In ratio 
of 0.11 [96]. Calixto et al further improved the method by avoiding the PVD step to 
electrodeposit CIGS layers and reported a cell efficiency of 6.2% after the films were 
selenized in H2Se atmosphere [105]. This was truly the first non-vacuum based techniques 
to have yielded a reasonable efficiency for CIGS based solar cells. Avoiding the formation 
of secondary phases was essentially a key point to achieve high quality CIGS thin-films and 
hence, higher efficiency. The formation of secondary phases was successfully prevented by 
the pretreatment of Mo substrate wherein a 1 min pre-deposition of CIGS was performed 
and a multi-potential deposition regime was employed to obtain crack-free CIGS layers 
[146]. Zhang et al. employed the vacuum annealing treatment to the electrodeposited CIGS 
to improve the crystalline properties of the as-deposited films [147]. However, the technique 
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lacked to achieve the desired stoichiometry for CIGS thin-films [147]. Friedfeld et al. varied 
the deposition and annealing conditions and reported a well-controlled compositional 
variation to form stoichiometric CIGS thin-films without a further selenization step [148]. 
This process demonstrates to possibility to avoid the post selenization step, often employed 
during electrodeposition of CIGS, which can make the process more economical and 
environment friendly. Several researchers explored one-step electrodeposition technique to 
achieve stoichiometric CIGS films, however, morphology of the films contained cracks and 
also presence of secondary phases was still a major concern to improve the quality of films. 
 
In the similar context, addition of Ga seems to cause morphology related problems, often a 
concern during the electrodeposition of CIGS films. Fernandez et al varied the concentration 
of precursor solution systematically and achieved a better control over composition and 
morphology of the CIGS films [95]. The presence of cracks in Ga-containing layers is often 
a serious problem [95, 146], though it can be reduced through the use of alcohol–aqueous 
solutions [149] or supporting electrolytes such as LiCl or Li2SO4 with gelatin as brightening 
additive [150]. Complexing agents such as citric acid/citrate [151, 152], thiocycanate [153], 
sodium sulfamate [154], sulfosalicyclic acid [155], etc. were often used to improve the 
composition and morphology of the CIGS films. These additives often form complexes with 
the metal ions in the solution such as Cu, thereby limit the deposition of these elements 
resulting in controlled deposition rates and hence the morphology [87, 88]. Good quality 
CIGS thin films were also prepared from sulphate–citrate and chloride–citrate solutions 
[147, 154, 156] and control of the optical band gap by increasing the Ga content in the films 
was demonstrated [157].  
 
To overcome the difficulty of In and Ga incorporation, alternative strategies to co-
electrodeposition have been developed, often involving the deposition of stacked elemental 
layers or else deposition of alloys, followed by a selenization or sulphurization treatment to 
provide all of the chalcogen [70, 71]. Deposition of Cu-Ga [148], Cu-In [82, 83, 158, 159], 
In-Ga [160] and Cu-In-Ga [153] alloys has been demonstrated, with the latter two 
approaches leading to 6.6% and 4% efficiency cells, respectively. Recently, Solopower 
explored the layer by layer electrodeposition to form stoichiometric CIGS thin-films [70]. 
The process also used several varieties of complexing agents, organic additives, etc. to 
correct for the composition and improve the morphology of the films. In addition, current 
densities were varied during deposition and annealing temperatures were optimized to 
achieve high quality compact large grained stoichiometric chalcopyrite CIGS films. Devices 
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and modules were fabricated using these films which had shown an efficiency of 15.36 % 
on an area of 5.34 cm2 and 13.4 % on an area of 3.8 m2. These are the highest efficiencies 
that were reported for electrodeposited CIGS films till date [70].  
 
In addition to the conventional direct current (DC) electrodeposition above, pulse  
electrodeposition (PED) has also been explored for the deposition of CIGS thin-films [156, 
161]. As previously mentioned, pulse electrodeposition offers extra advantage since it has 
additional variables such as pulse on-time, off-time which can be conveniently varied to 
achieve a controlled deposition rate and hence the composition of CIGS thin-films [75, 77]. 
This technique is particularly advantageous for the complex systems like CIS/CIGS wherein 
attaining the desired stoichiometry is the key for the ultimate device performance. Though 
PED technique is typically advantageous for a quarternary system like CIGS, only limited 
reports are available for pulse electrodeposited CIGS films. Fu et al., have explored 
different plating techniques including DC, pulse and pulse reverse electrodeposition for the 
fabrication of CIGS thin films and reported the elimination of undesired secondary phases 
like Cu2-xSe to obtain single phase pure chalcopyrite CIGS thin films [161]. Liu et al., have 
employed the PED with the variation of duty cycle to remove the excess In and to avoid In-
Se compounds during the deposition for the preparation of single phase CIGS thin films 
[156]. The use of PED offers the manipulation of various parameters like amplitude of the 
current/potential, duty cycle, and the time of deposition thereby enables the control over the 
composition of individual elements in a ternary/quaternary system like CIS/CIGS to 
ultimately obtain the single phase CIGS by avoiding secondary phases like Cu-Se, In-Se, 
and Ga-Se, etc. Also, with the variation of duty cycle, morphology of the thin films would 
evolve into a highly dense and compact form to yield higher performance of the device. 
 
However, most of these pulse electrodeposition studies for CIS/CIGS thin-films still used 
the complexing agents, employed a three-electrode system, followed by the conventional 
selenization step and other relevant post deposition treatments such as etching with KCN, 
etc. to achieve stoichiometric phase-pure chalcopyrite CIS/CIGS thin-films. These processes 
not only make the technique expensive but might also result in poor quality CIS films. For 
instance, the use of KCN etching makes the film rough and use of complexing agents might 
result in impurities in the deposited CIS films. Hence, it would be essential to achieve 
stoichiometric chalcopyrite CIS/CIGS thin-films without any secondary phases by avoiding 
the above mentioned aspects.     
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1.11 Objective of the Present Work 
As it has been discussed, CIGS thin-films can effectively yield high efficiency solar 
devices; however, it is extremely crucial to develop a simple and economical method for the 
production of CIGS thin-films to ultimately realize the commercialization of these devices. 
In this context, electrodeposition has already witnessed the CIGS devices with reasonably 
high efficiency. In a conventional direct current electrodeposition, the number of variables 
is limited to only the applied voltage/current density and deposition time in addition to the 
precursor concentration which makes the process arduous to achieve a better control over 
composition and morphology of CIGS thin-films. Use of multi-steps, complexing agents, 
organic additives during the deposition followed by a conventional selenization step have 
been employed to achieve stoichiometric CIGS. These aspects not only makes the process 
more complex but also expensive. In addition, a three electrode system with Pt being the 
counter electrode and saturated calomel electrode or Ag/AgCl electrode as the reference 
electrode has been employed for conventional electrodeposition. The use of these reference 
electrodes makes the process more expensive when deposition is aimed at large areas.  
 
In this context, the present study explores a two electrode system by avoiding the third 
reference electrode and expensive Pt is substituted by high purity graphite for the deposition 
of CIGS thin-films. Advanced techniques such as pulse and pulse-reverse electrodeposition 
are explored for the fabrication of CIGS thin-films. Variation in pulse parameters aids in 
better control over composition of individual elements and resulted in stoichiometric 
chalcopyrite CIGS thin-films. The appropriate regulation of these parameters has resulted in 
the minimization of the undesired secondary phases in the as-grown films and also resulted 
in various nanostructured morphologies such as nano-flakes, nano-mesh, etc. which are 
particularly advantageous as they lead to improved light absorption and minimized 
recombination. Due to the additional variables possessed by these techniques conventionally 
used complexing agents and additional step of selenization were also avoided. However, 
effect of complexing agent (tri-sodium citrate) has been studied on the pulse 
electrodeposition of CIGS films to unravel the mechanism on the deposition of CIGS thin-
films. 
  
Essential developments and the structure of the present research work are as follows: 
1. A simplified and novel electrodeposition set-up for the fabrication of CIS/CIGS 
thin-films 
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2. Pulse electrodeposition of CIS thin-films – optimization of pulse parameters 
(desired stoichiometry with minimized secondary phases and novel flake-like 
morphology)  
3. Pulse electrodeposition of CIGS thin-films – duty cycle has been optimized to yield 
compact phase-pure stoichiometric CIGS thin-films. Additionally, pulse 
electrodeposited CIGS films are also compared with conventional direct current 
electrodeposited CIGS films. Furthermore, fundamental growth mechanism studies 
for pulse electrodeposited CIGS thin-films are also explored.  
4. A novel sequential pulse electrodeposition technique for CIGS thin-films – 
deposition has been performed in two stages (Cu-Ga-Se and In) to achieve better 
control over the composition of elements and to develop highly dense single phase 
CIGS thin-films.  
5. Effect of complexing agent on the pulse electrodeposition of CIGS thin-films – this 
study is divided into parts: 
a. Study of variation in the concentration of complexing agent on the 
composition and morphology of CIGS thin-films 
b. Fabrication of novel hierarchical CIGS nano-flakes using a defined 
concentration of complexing agent    
6. Pulse-reverse electrodeposition of CIGS thin-films – optimization of parameters 
such as reverse potential and duty cycle has resulted in a novel CIGS nano-mesh 
which exhibited superior properties.  
7. Fabrication of CIGS/CdS heterojunction – CdS has been deposited using 
conventional chemical bath deposition technique onto pulse electrodeposited CIGS 
thin-films. Significantly improved performance with an excellent stability is 
observed.  
In each case the films were characterized using scanning electron microscopy, X-ray 
diffraction, Raman spectroscopy, transmission electron microscopy, absorption 
spectroscopy, Mott-Schottky analysis, focused ion-beam analysis and photoelectrochemical 
analysis to study various properties of the samples.   
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Chapter 2 
 
Materials and Methods 
   
Electrodeposition technique, categories and their advantages have been discussed in the 
previous chapter. In addition, reports pertaining to the electrodeposition of CuInSe2 (CIS) 
and Cu(In,Ga)Se2 (CIGS) thin-films have been extensively reviewed. The knowledge gained 
from the previous reports has been considered for the initiation of the electrodeposition of 
CIS and CIGS films. In this context, this chapter focuses on the materials and various 
experimental aspects that are used to electrodeposit and characterize the CIS and CIGS 
films. Electrodeposition of CIS/CIGS films involves aspects such as electrodes cleaning, 
preparation of electrolytic bath, and optimization of pH, etc. prior to performing the final 
deposition. Figure 2.1 shows the flow chart that is followed to electrodeposit and 
characterize the CIS/CIGS thin-films. 
  
 
Figure 2.1: Flow-chart of the present work involving electrochemical deposition and 
characterization of CIS/CIGS thin-films 
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2.1 Materials 
Electrolyte bath often uses the precursor salts such as sulfates, chlorides, nitrates, etc. as 
discussed earlier. The materials, their purity and relevant concentration ranges used in the 
present work for the electrodeposition of CIS/CIGS thin-films are tabulated below in Table 
2.1. The final concentrations that are used for the electrodeposition are mentioned while 
discussing the relevant results. 
  
Table 2.1: Different materials, their purity and concentration range used for electrodeposition 
and other characterizations of CIS/CIGS 
Material Make Purity (%) Concentration Range (mM)* 
Hydrion buffer Sigma Aldrich - Not specified 
Cupric chloride SD Fine Chem. 99+ 2 – 6  
Indium chloride Alfa Aesar 99.99 1 – 6  
Gallium chloride Alfa Aesar 99.999 5 – 10  
Selenous acid Alfa Aesar 97 5 – 10  
Lithium chloride Sisco Res. Lab. 99+ 200 – 300  
Tri-sodium citrate Qualigens 99 20 – 140  
Hydrochloric acid Qualigens 35.8 – 38 Very dilute 
Sodium hydroxide Qualigens 98 500 – 1000  
Sodium sulfate Qualigens 99.5 100 – 1000  
Sodium sulfide Qualigens 50 50 – 200  
Sodium sulfite Qualigens 98 20 – 50  
Sulfuric acid Qualigens 98 300 – 500  
Cadmium sulfate Alfa Aesar 99+ 5 – 30 mM 
Thiourea Qualigens 99.5 30 – 100  
*typical concentrations used for the deposition are mentioned while discussing the results.  
 
2.2 Methods 
Methods employed during the fabrication of CIS/CIGS films can be classified into two 
categories namely, preparation methods and characterization techniques. Electrodeposition 
with advanced features such as pulse and pulse-reverse potentials is used for the preparation 
of CIGS thin-films. In addition, CIS/CIGS films have also been fabricated by DC 
electrodeposition technique for comparative studies. Techniques including scanning electron 
microscopy with energy dispersive X-ray spectroscopy, X-ray fluorescence, X-ray 
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diffraction, Raman spectroscopy, transmission electron microscopy, absorption 
spectroscopy, Mott-Schottky analysis, focused ion-beam analysis and photoelectrochemical 
analysis, etc. have been used to characterize the CIS/CIGS films to study the morphology, 
elemental composition, phase constitution, optical properties, flat-band potential, carrier 
density and photoresponse. In addition, chemical bath deposition used for the deposition of 
CdS thin-films is also discussed.   
 
2.2.1 Electrodeposition of CIS/CIGS films 
Electrodeposition of CIS/CIGS thin-films involves three major steps such as electrodes 
preparation, chemical bath preparation followed by optimization of pH and finally 
potentiostatic electrodeposition. It is a usual practice to electrodeposit semiconducting 
materials using a three-electrode system, namely cathode, anode and a reference electrode. 
The reference electrode has always been used to measure the cathode voltage with respect to 
it, since the electrolyte concentrations change during the growth process due to changes of 
ion concentrations. However, more commonly used reference electrodes such as Ag/AgCl 
and calomel electrodes are external impurity sources and hence could poison the bath, and 
drastically reduce the efficiency of solar cells fabricated. For example, it has been reported 
that the addition of Ag+ ions in parts per billion, drastically reduce the efficiency of 
electrodeposited CdTe solar cells [162]. Observation of Nernst equation shows that 
considerable ionic concentration changes introduce only a few mV shifts in the case of CIS 
and CIGS films [163, 164]. This variation is negligible when compared to the useful growth 
range of about 1 to 2 V. In these cases at least, the use of harmful reference electrodes could 
be avoided. Although there is a salt bridge method used to separate the reference electrode 
from the electrolyte solution, complete elimination of the reference electrode makes the 
electrodeposition process simpler and more economical, especially in the case of larger area 
deposition. Hence, the present work avoids the use of reference electrode and employs a 
simple two-electrode system for the electrodeposition of CIS/CIGS films. In addition, 
graphite is equivalently electrochemically inert compared to platinum and in the present 
study, conventionally used platinum is replaced with a high purity graphite electrode which 
can reduce the cost drastically when the deposition is aimed at large areas. Typical two-
electrode system employed for the deposition of CIS/CIGS films is shown in Figure 2.2. 
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Figure 2.2: Schematic of two-electrode electrodeposition set-up employed for CIS/CIGS thin-
film deposition 
 
Preparation of electrodes 
In the present work, a graphite electrode with a purity of 99.2% is used as anode (area 5 
cm2) and Mo foil or Mo sputtered glass as a cathode or working electrode (substrate, area 1 
– 9 cm2). Graphite is ultrasonicated in acetone for 15 min before and after the deposition 
using Life-Care‟s fast clean ultrasonicator. Mo foils are polished using diamond paste prior 
to electrodeposition. Polished Mo foils are rinsed with distilled water and ultrasonicated in 
acetone for about 10 minutes. Then the foils are pre-treated using 15 % HCl and 1M NaOH 
solutions in order to remove the surface oxide layer and impurities on the surface. The pre-
treated Mo foils are rinsed again with distilled water thoroughly and sonicated in ethanol for 
about 10 minutes and are purged with nitrogen gas prior to the deposition. In case of 
Mo/glass, molybdenum has been DC sputtered onto soda lime glass (SLG) in two steps. 
First, a seed layer (50 nm) is grown on SLG using a power of 2250 W with an Ar flow of 
1000 sccm followed by the growth of bulk layer (150 nm) using 7200 W power and 240 
sccm of Ar flow. Sputtered Mo/glass has been ultrasonicated in deionized water, acetone 
and ethanol for 15 min in each case and is purged with nitrogen in order to further reduce 
any possibility of oxide layer, prior to the deposition of CIS/CIGS films. Electrodes are 
inserted vertically into the solution and connected via the crocodile clips to the copper wires 
of the power source.  
 
Electrolytic bath preparation 
Glass beakers (Borosil) of 100 – 1000 ml are used for the electrolytic bath. The electrolyte 
preparation involves the preparation of Hydrion buffer followed by subsequent addition of 
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precursor salts to it. As received hydrion buffer (pH = 3) sachet is dissolved in 500 ml of 
deionized water. The pH of the buffer has been verified by a digital pH mater from Digisun 
Electronics Systems (model no. 2001). The precursor salts are then added to the buffer 
solution in the order of copper chloride, indium chloride, gallium chloride and selenous 
acid. Finally, lithium chloride is added to the above solution as a supporting electrolyte, 
which is used to improve the ionic conductivity of the electrolyte. The solution is 
continuously stirred during the addition of salts. After the proper dissolution of the salts is 
ensured, the pH of the solution is adjusted to the range of 2.00-2.40 for the deposition by the 
addition of few drops of HCl. As the study aims at the fundamental understanding and 
hence, the optimization of parameters in pulse and pulse-reverse electrodeposition, a new 
electrolyte has been prepared for every deposition to ensure the consistency though the 
solution can be recycled for several depositions. 
 
Potentiostatic electrodeposition 
Conventionally electrodeposition is carried out in two ways, namely, potentiostatic and 
galvanostatic. In potentiostatic technique, the deposition is performed by applying a 
constant voltage between the electrodes whereas a constant current density is used in a 
galvanostatic process. The present study employs a potentiostatic technique wherein 
constant voltage has been employed during the deposition. In addition, as mentioned in 
section 1.11, pulse and pulse-reverse techniques have been employed for the 
electrodeposition of CIS/CIGS thin-films. A Dynatronix (DuPR 10-3-6) pulse power supply 
has been used to electrodeposit the CIS/CIGS thin-films. The deposition parameters have 
been varied in the ranges as shown in Table 2.2. However, the appropriate variation and 
optimization of these parameters pertaining to CIS and CIGS films are mentioned while 
discussing the relevant results. 
 
Table 2.2: Typical variation of parameters employed for electrodeposition of CIS/CIGS thin-
films 
Deposition Parameter Variation range 
pH of the electrolyte 1.5 – 2.5  
Forward 
Conditions 
Cathodic voltage -0.7 to -1.5 V 
Pulse On-time 0 – 50 ms 
Pulse Off-time 0 – 50 ms 
Reverse Anodic voltage 0 – 0.5 V 
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Conditions Pulse-reverse On-time 0 – 3 ms 
Pulse-reverse Off-time 0 – 3 ms 
Deposition time 5 – 60 min 
  
Annealing of electrodeposited CIS/CIGS thin-films 
Electrodeposited CIS/CIGS thin-films prepared by employing the above variation of 
parameters are rinsed thoroughly with DI water prior to further processing. These films are 
finally annealed at 550 °C under Ar atmosphere for 30 min by employing a ramping rate of 
30 °/min. Annealing of electrodeposited films is a crucial process in the preparation of 
absorber layers as it involves following aspects: 
1. Formation of chalcopyrite CIS/CIGS thin-films by the inter-diffusion of different 
elements. This is essential when the deposition is carried out in multiple stages 
wherein binary metallic selenides are expected to form owing to their lowest 
formation energies during deposition. These binary selenides react together during 
ramp of annealing to form chalcopyrite thin-films.  
2. When co-electrodeposition of all the elements is performed, annealing process 
improves the crystallinity of as-deposited films in addition to the above mentioned 
process. 
3. Annealing also increases the grain size of the as-deposited films which ultimately 
improve the transport properties of the absorber layer.  
4. Most importantly, for a system like CIS/Mo or CIGS/Mo, annealing of films at 
temperatures above 500 °C results in the formation of a crucial thin p-type MoSe2 
layer at the interface of CIS/CIGS and Mo. This Mose2 layer not only promotes the 
adhesion between Mo and CIS/CIGS but also improves the ohmic contact as 
discussed earlier in section 1.7.1. 
These electrodeposited and annealed CIS/CIGS films are now ready to be characterized and 
tested as absorber layers for thin-films solar cells. 
  
2.2.2 Chemical bath deposition of CdS 
As mentioned in section 1.11, the CIGS/CdS heterojunction has been fabricated to perform 
the junction characteristics. In this context, CdS has been deposited using chemical bath 
deposition wherein 1.5 mM aqueous solution of cadmium sulfate and 50 mM aqueous 
solution of thiourea are used as precursors. In one bath cadmium sulfate is complexed by 
aqueous ammonia. Initially white precipitate is observed which disappeared on further 
addition of aqueous ammonia, pH of this solution is adjusted to 11, and aqueous solution of 
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thiourea is then added. The solution is then kept for heating until 65 °C. Once the bath 
acquired the temperature, CIGS/Mo/glass electrode (substrate) is vertically inserted into the 
solution and deposition has been carried out for 8 min. The substrate area without CIGS 
deposition is masked with a scotch tape to avoid the deposition of CdS. CdS deposited 
CIGS films are then cleaned with DI water and used for further characterization.  
 
2.3 Characterization techniques 
Characterization of electrodeposited and annealed CIS/CIGS films has been performed 
using several techniques to study various properties such as morphology, composition, 
phase constitution, optical studies, photoresponse, etc. In this context, various techniques 
have been used for the characterization of CIS/CIGS films and their relevant specifications 
have been detailed in this section. 
   
2.3.1 Scanning electron microscopy (SEM) 
Scanning electron microscopy provides the information about the samples based on the 
interaction of an accelerated high energetic electron beam with the matter (samples). The 
interaction results in the emission of secondary electrons, backscattered electrons, X-rays, 
etc. Knocking out of electrons from the samples by high energetic incident electrons occurs 
through the momentum transfer results in secondary electrons and without any momentum 
transfer leads to back scattered electrons. These emissions are then detected to analyze 
aspects such as surface morphology, particle size, cross-sectional morphology, composition, 
etc. of the samples. In general, secondary electrons and backscattered electrons provide the 
information about the morphological aspects and elemental contrast of the samples. The 
analysis using the energy of emitted X-rays is usually known as energy dispersive X-ray 
spectroscopy (EDX or EDS) and provides the information about individual atomic 
composition of the samples since the energy of these X-rays depends directly on the atomic 
number of the atoms from which it is being emitted. EDX is a common tool to analyze the 
composition of samples qualitatively as well as quantitatively for atomic numbers above 10. 
It is also used as a local probe, for most samples, to detect the constituent elements since it 
spans an interaction volume of ≈ 1 μm3.  
 
In the present study, a Hitachi – S4300SE/N field emission scanning electron microscope 
with an attached EDS (EDAX) detector has been used to study the morphology and 
composition of the samples. An accelerating voltage of 20kV is used for the electron beam 
during the analysis. The working distance between the sample surface and electron beam is 
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maintained in the range of 8 – 15 mm. As-deposited as well as annealed CIS/CIGS films on 
Mo/glass are coated with gold prior to the analysis and no other procedure is adopted for the 
sample preparation. The surface morphology of CIGS films obtained using the FESEM in 
the present study is shown in Figure 2.3. 
 
 
Figure 2.3: Typical SEM image of CIGS films obtained in the present study 
 
2.3.2 X-ray fluorescence spectroscopy (XRF) 
In an XRF spectrometer, sample is illuminated by an intense X-ray beam, known as the 
incident beam, which interacts with the sample by getting scattered or absorbed. When the 
high energetic X-ray hits the atom inside the sample, the electrons are ejected out of the 
atom leaving behind a vacant orbital. The electron from high energy states jumps to the 
vacant orbital by emitting the energy which is equal to the difference of their states. The 
emitted energy is often in the form of photons and in this case it is X-rays. These are called 
the characteristic X-rays since the energy of the X-rays is specific to the atom from which it 
is being generated. The analysis of these characteristic X-rays provide information such as 
the qualitative and quantitative information about atoms. If a sample has many elements 
present the use of a wavelength dispersive spectrometer allows the separation of a complex 
emitted X-ray spectrum into characteristic wavelengths for each element present. XRF is in 
general used for the bulk analyses of the samples since the spot size cannot be too small as 
in EDS (1-2 microns). This technique is advantageous when the composition of the bulk 
sample is required and it can also be used to determine the thickness of the films.  
 
In the present study, a Fisherscope XRF spectrometer (XUV TDD) is used for the 
measurement. The source of the X-rays is a tungsten filament and a voltage of 50 kV is used 
to energize the X-ray beam. The spot size of the beam is 150 μm and approximately four 
spots are considered for the analysis on a typical 1 cm2 CIGS samples. 
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2.3.3 X-ray diffraction (XRD) 
XRD is a widely used characterization technique for the determination of crystal structures 
of materials. The technique uses the Bragg‟s law of X-ray diffraction which states that when 
incoming X-rays diffracted constructively by the atoms in the crystal planes, the path 
difference between the rays diffracted by the successive atomic planes is directly 
proportional to the integer multiples of incident X-ray wavelength. The powder X-ray 
diffractometer can be used to analyze thin film samples by means of a change in mechanical 
arrangement. One such arrangement is Grazing angle incidence X-ray diffractometer, where 
the angle between the incident X-ray beam and the thin film sample is adjusted to 0.5-1°. 
This arrangement exposes the film to X-rays more effectively than the substrate. X-ray 
diffraction provides information such as the crystallographic structure, crystallite size and 
preferred orientation in a polycrystalline sample. 
 
Bruker – D8 advanced X-ray diffractometer with Cu Kα radiation (λ = 1.54 Å) is used to 
examine the phase constitution of the CIGS thin-films on Mo/glass. The diffraction patterns 
are collected in the range of 2θ = 20 - 70° with a scan rate of 0.1°/sec. The as-grown and 
annealed samples on Mo/glass are directly used for the XRD characterization. However, 
CIS thin-films grown on Mo foils did not yield considerable patterns using conventional 
XRD due to the larger substrate thickness (≈ 120 μm) than the films thickness (≈ 1 μm). In 
this context grazing incidence XRD (GIXRD) is employed to examine the diffraction 
patterns of the annealed CIS films with the same apparatus. An angle of 1° is used for the 
grazing incidence XRD. The diffraction patterns are collected in the range of 2θ = 20 – 70° 
with a scan rate of 1°/min. The typical XRD pattern of CIGS films obtained in the present 
study using Bruker – D8 X-ray diffractometer.  
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Figure 2.4: Typical XRD pattern of CIGS films obtained in the present study. The peaks are 
indexed using JCPDS cards. 
 
2.3.4 Raman spectroscopy 
Raman spectroscopy is a technique based on the inelastic scattering of monochromatic light, 
usually from a laser source. Inelastic scattering means that the frequency of photons in 
monochromatic light changes upon interaction with a sample. Photons of the laser light are 
absorbed by the sample and then reemitted. Frequency of the reemitted photons is shifted up 
or down in comparison with original monochromatic frequency, which is called the Raman 
effect. This shift provides information about vibrational, rotational and other low frequency 
transitions in molecules. Raman spectroscopy can be used to study solid, liquid and gaseous 
samples. Raman scattering has been frequently used as a nondestructive, highly sensitive 
spectroscopic technique in the region of spectro-chemical analysis to investigate the 
structural characterization of a semiconductor compound.  
 
In the present work, micro-Raman spectroscopy is used to analyze the structure of 
quaternary chalcopyrite compounds, to discuss about the vibration modes of CIGS 
crystalline thin film. The specific purpose of the high-resolution micro-Raman studies is 
also to ascertain the vibrational modes of individual phases and detect any surface dispersed 
microcrystallites of Cu2-xSe, as detection of phases like CIS, CGS, CIGS, Cu2-xSe is difficult 
by XRD due to the negligible variation in 2θ values for the dominant (112) orientation of 
each phase. In the Raman analysis, the incident laser light can be focused on the sample 
within a spot of 1 micron in diameter. High spatial resolution is required whenever one has 
to deal with micrometer-size samples. Hence, micro-Raman spectroscopy is suitable for the 
structural analysis of samples with an active area of a few square micrometers. Micro-
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Raman Spectra of CIGS thin-films are recorded using the Horiba Jobin Yvon-Lab Ram HR-
800 Raman spectrometer with Ar ion laser of 514 nm, as the light source. The spectra are 
recorded at room temperature in the scan range of 100 - 600 cm-1. In the present study 
microscopic focusing is used to detect Cu2-xSe microcrystallites on the surface of CIGS thin-
films. As-grown and annealed CIGS films on Mo/glass are directly used for the Raman 
analysis. Typical Raman spectrum of CIGS films containing the undesired Cu2-xSe phases is 
shown in Figure 2.5.  
 
 
Figure 2.5: Typical Raman spectrum of CIGS films obtained in the present study. The 
undesired Cu2-xSe secondary phase is also seen. 
 
2.3.5 Transmission electron microscopy (TEM) 
TEM is used to produce images from a sample by illuminating the sample with electrons 
(i.e. the electron beam) within a high vacuum, and by detecting the electrons that are 
transmitted through the sample. It is an analytical tool allowing visualization and analysis of 
specimens in the realms of 1nm. TEM reveals levels of detail and complexity inaccessible 
by light microscopy because it uses a focused beam of high energy electrons. It allows 
detailed micro-structural examination through high-resolution and high magnification 
imaging. It also enables the investigation of crystal structures, specimen orientations and 
chemical compositions of phases, precipitates and contaminants through diffraction pattern, 
X-ray and electron-energy analysis. Ultimately, using a TEM we can see the columns of 
atoms present in crystalline samples. 
 
FEI Tecnai G2 transmission electron microscope with LaB6 filament is used to record the 
HRTEM images of CIGS thin-films in the present study. An accelerating voltage of 200 kV 
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is used to energize the electrons. The TEM is also equipped with an EDS detector from 
EDAX which is used for the qualitative and quantitative analysis of elemental composition 
in the samples. Samples are prepared by scraping the CIGS thin-films into powder form 
which is dispersed in ethanol. Ethanol suspension is finally dropped onto Cu grid for TEM 
analysis. TEM image, HRTEM. SAED and TEM-EDS of CIGS films obtained in the 
present study are shown in Figure 2.6.  
 
 
Figure 2.6: a) TEM image, b) HRTEM image, c) SAED and d) TEM-EDS of CIGS obtained in 
the present study. 
 
2.3.6 Focused ion beam (FIB) milling and imaging 
The highly localized sputtering or milling of the sample by the focused ion beam is the most 
useful feature of the FIB. Beam currents are well controlled during the sputtering of the 
materials and a trench of desired dimensions can be obtained. This feature allows one to 
image the sample‟s cross-section to probe the interface and determine the thickness of the 
thin-films. FIB imaging is very similar to SEM except that the instrument is equipped with 
an ion beam in addition to the electron beam to image the samples. The ion beam can be 
focused to a diameter of approximately 10 nm and it interacts with the material by 
producing secondary electrons, secondary ions and neutral atoms. The penetration depth of 
electrons is of the order of 100 nm whereas the ions are restricted to a thin surface layer of 
the order of 10-20 nm. Thus it is possible to obtain better contrast from thin films with the 
FIB than the SEM. It has been demonstrated that the FIB is useful for the preparation of 
specimens from cross sections of coatings, micrometer sized particles, powders, carbon 
nanotubes and complex three-dimensional specimens for the TEM.  
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In the present study, it is difficult to distinguish the interface of Mo/CIS due to the ductile 
nature of Mo foils (≈ 120 μm thick). Hence, FIB milling and imaging is used to observe the 
cross-section of CIS films on Mo foils. A Carl-Zeiss FIB system (Neon-40) with Ga as the 
ion source is used for FIB milling and imaging. A trench is milled over the surface of CIS 
film to view the cross section using 30kV beam voltage. Rough milling of the trench is 
performed using a 2 nA beam current whereas a 500 pA beam current is used for the final 
smooth milling of the trench. Cross sectional images are taken by the secondary electron 
and ion beam at angles of 90° and 54°, respectively, with respect to the film surface. Typical 
FIB image showing CIS/Mo interface is shown in Figure 2.7. 
 
 
Figure 2.7: Typical FIB cross-sectional image showing CIS/Mo interface 
 
2.3.7 Cyclic voltammetry (CV) 
Voltammetry is one of the techniques employed to investigate the mechanism of redox 
reactions in an electrolyte. There are numerous forms of voltammetry such as potential step, 
linear sweep, cyclic voltammetry, etc. For each of these cases, a voltage or series of voltages 
are applied to the electrode and the corresponding current that flows is monitored. In a 
typical cyclic voltammorgram or voltammetry experiments, potential is swept between the 
two points (V1 and V2) with a constant sweep rate and the respective current is observed. 
The behavior of I-V curve provides information about the redox reactions that happen in the 
solvent. The peaks observed in the I-V curves represent the reduction and oxidation of 
elements which are a direct consequence of Faraday‟s law. In general, reduction of elements 
happens at negative potentials and oxidation at positive potentials. Using this experiment, 
the reduction potential of an element or a compound or a system can be determined. 
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In the present study, CV experiments are performed individually for CuCl2, InCl3, GaCl3, 
H2SeO3 and their relevant combinations to determine the reduction of potential of the 
elements and their binary/ternary systems. CV experiments are carried out using Solartron 
electrochemical interface (SI 1287) in a three electrode electrochemical cell. The cell 
consists of Mo/glass as working electrode, Pt as counter electrode and saturated calomel 
electrode (SCE) as reference electrode. Potential is swept between -1.0 to 1.0 V with a 
sweep rate of 10 mV/s. Analysis of the I-V curve and the CV performed on Mo/glass 
electrode provided the information about the reduction potential of binary/ternary phases. 
Typical CV of Cu-In-Se system recorded vs. SCE in the present study is shown in Figure 
2.8.   
 
 
Figure 2.8: Typical CV of Cu-In-Se system recorded in the present study 
 
2.3.8 UV-Vis-NIR Absorption spectroscopy 
The optical properties of semiconductors are generally studied by absorption measurements 
at room temperature with a UV/Visible/NIR absorption spectroscopy. Optical bandgap (Eg) 
and absorption coefficient are well known related to photon energy by the following 
relation: 
 
              
  
 
where A is a constant, Eg is the band gap, and h is the Plank constant. And n takes the value 
1/2 for direct allowed transition, value 3/2 for direct forbidden, and values 2 and 3 for 
indirect allowed and forbidden transitions, respectively. By measuring the absorbance of the 
materials vs. the wavelength of the incident radiation, one can calculate the absorption 
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coefficient (provided thickness of the film is known) and hence, the bandgap of the material. 
In general, an integrating sphere apparatus is used to record the reflectance spectra of the 
thin-films on any metal or metal coated glass substrate. The reflectance can then be 
converted to absorbance to determine the absorption coefficient.  
 
Varian UV-Vis-NIR spectrophotometer (Cary 5000) is used in the present work to study the 
absorption properties and to determine the bandgap of the CIS/CIGS thin-films. An 
integrating sphere apparatus is equipped to measure the diffuse reflectance from the 
samples. A tungsten halogen lamp is used as the visible source with a quartz window and a 
deuterium lamp is used as the UV source. The spectra are recorded in the range of 200 – 
2500 nm with a scan rate of 1200 nm/min. The samples with a minimum of 4cm2 area are 
used to cover the entire illuminated window. Typical absorption spectra and the 
corresponding Tauc‟s plot to determine the bandgap of CIGS films are shown in Figure 2.9.  
 
 
Figure 2.9: Typical absorption spectra and the Tauc's plot of CIGS thin-films. 
 
2.3.9 Mott-Schottky analysis 
When a potential is applied to a metal electrode the Fermi level of the metallic electrode 
shifts based on the variation in applied potential. Similarly for a semiconductor, the band 
edge energies change with the variation in applied potential. However, this variation is not 
uniform spatially, when the semiconductor is placed in a liquid or coupled with another 
semiconductor or metal, leading to the phenomenon called band bending. Therefore, the 
change in the energies of the band edges on going from the interior of the semiconductor to 
the interface, and hence the magnitude and the direction of band bending, varies with the 
applied potential. Based on the nature of the band bending and the applied potential, the 
double layer capacitance across semiconductor-electrolyte interface varies. Measurement of 
the double layer capacitance as a function of applied potential under depletion condition 
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yields the determination of the flat-band potential of the semiconductor by using the Mott-
Schottky relationship: 
 
  
  
 
     
 (       
  
 
) 
where, C = capacitance  
ε = the dielectric constant of the semiconductor 
ε0 = permittivity of free space 
N = carrier density (electron donor concentration for an n-type semiconductor or  
hole acceptor concentration for a p-type semiconductor) 
E = applied potential 
EFB = flat-band potential 
 
The flat-band potential of the semiconductor can be found from the plot of 1/C2 vs. E from 
the above equation. Extrapolation of the curve to C = 0 yields EFB and the slope of the curve 
can be used to determine the donor/acceptor density. 
In addition, using the EFB and Na (acceptor density) values obtained from Mott-Schottky 
analysis and Eg value from absorption studies, it is possible to calculate the band-edge 
position by the following relation: 
              (
  
  
) 
And the density of states of valence band can be calculated by the relation: 
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Using the NV and Eg, the valence band-edge position can be calculated. 
 
In the present study, Mott-Schottky plots are recorded in a 0.5M H2SO4 solution using a 
Solartron impedance analyzer (SI 1260) with an electrochemical interface (SI 1287) wherein 
Pt, Saturated Calomel Electrode (SCE) and CIGS/Mo/Glass are used as counter, reference 
and working electrodes, respectively. A sweep DC measurement is employed wherein the 
AC amplitude is fixed at 10 mV and the potential is swept in the range of -0.5 to 0.2 V vs. 
respective open circuit potential (OCP). OCP is noted when the electrodes are inserted for 
measurement without the application of potential. Measurements are carried out using 
different frequencies as 10, 50 and 100 kHz. A scan rate of 1 mV/s is employed with a data 
acquisition rate of 5s per point. Typical Mott-Schottky plot of CIGS films is shown in 
Figure 2.10. 
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Figure 2.10: Typical Mott-Schottky plot showing the determination of Flat-band potential of 
CIGS thin-films 
 
2.3.10 Photoelectrochemical (PEC) characterization 
Photoelectrochemical characterization is analogous to the solid state I – V characteristics of 
a semiconductor. In a solid state device, the junction is formed by the p- and n-type solid 
state materials, whereas, in a PEC test, the junction is often formed by the combination of a 
semiconductor and an electrolyte. PEC characterization generally involves the interfacial 
electrochemical characterization of semiconductor-liquid electrolyte interface. To ascertain 
the performance of CIGS absorber films, devices have often been constructed by sequential 
deposition of a buffer layer, i-ZnO and TCO layers, followed by deposition of metal fingers. 
Use of distinct methods to deposit each of these layers makes it a difficult and time 
consuming process, besides leading to increased time for optimization of the absorber 
layers. A rapid assessment of photoactivity is often desired for screening semiconductor 
absorber layers for PV applications. This can be achieved without fabricating an entire 
device by using an electrolyte contact and carrying out photoelectrochemical (PEC) 
characterization involving a linear/cyclic potential sweep while illuminating the electrode 
with chopped light. Typically, a PEC test utilizes a hydrogen evolution reaction (HER), as 
related to PEC water reduction, to account for the photocurrent. Such a PEC test not only 
provides the signature of photoactivity but also demonstrates the potential utility of the 
CIGS based photoelectrochemical solar cells for hydrogen generation. HER requires either 
significant over-potentials or a suitable electro-catalyst. As CIGS thin-films do not possess 
either of the above, they have often yielded smaller photocurrent densities when aqueous 
Na2SO4, K2SO4, H2SO4, etc. have been used as electrolytes. However, due to the simplicity 
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of the measurement apparatus and cost, PEC has often been used specially for the rapid 
assessment of CIS/CIGS thin-films. 
  
 
Figure 2.11: Typical photoelectrochemical characterization set-up 
In the present work, the photoelectrochemical (PEC) performance of the CIS/CIGS thin 
films is investigated using the CH Instruments electrochemical analyzer (660A). The 
measurements are carried out potentiostatically in an electrochemical cell. A classical three-
electrode cell with Pt foil as the counter electrode, Saturated Calomel Electrode (SCE) as 
the reference electrode, and the CIS/CIGS thin-film as the working electrode are used. The 
typical PEC set-up used in the present study is shown in Figure 2.11. Various electrolytes 
such as Na2SO4, H2SO4, sulphide + sulphite, etc. have been used as the electrolytes. 
Newport solar simulator with AM 1.5 Global (100 mW/cm2) lens is used as the light source 
for the PEC measurements. Typical PEC I-V and amperometric I-t characteristics of a CIGS 
film are shown in Figure 2.12. 
 
 
Figure 2.12: Typical PEC I-V and I-t characteristics of a CIGS film  
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Chapter 3 
 
Pulse electrodeposition of CuInSe2  
   
Cu(In,Ga)Se2 (CIGS) thin films are the major interest of the present study, however, the 
preliminary studies are focused on CuInSe2 (CIS) thin-films. This is essentially due to the 
fact that the basic structure of CIGS evolves from the CIS as discussed previously. Hence, 
understanding the compositional control in CIS films can provide a basis for the CIGS thin-
films. In addition, though CIGS films have achieved superior efficiencies over CIS films but 
the research on CIS has been equally active and efforts are still underway to improve the 
performance of these films [86, 119-129, 131-137, 165]. Hence, in the present study, pulse 
electrodeposition of CIS thin-films is initially performed on Mo foils using a two-electrode 
system. The relevant parameters such as deposition potential, pulse parameters and results 
pertaining to CIS thin-films are discussed in this chapter. Though the electrodeposition of 
CIS films is aimed using a pulse current, preliminary experiments are carried out using a 
direct current (DC). These preliminary studies are important owing to the two-electrode 
system employed in the present study in addition to the proposed elimination of selenization 
step.  
 
3.1 Direct current (DC) electrodeposition of CIS thin-films 
The DC electrodeposition of CIS thin-films is carried out using the precursors of CuCl2 
(4.35 mM), InCl3 (5.56 mM), H2SeO3 (8.14 mM) and LiCl (0.26 M). These precursors are 
added to hydrion buffer (pH 3) and the final pH of the electrolyte is maintained between 
2.15 and 2.25 by addition of HCl. At the first instant, deposition voltage has been varied to 
study the variation in the content of individual elements of CIS thin-films, with a constant 
deposition time of 15 min. The variation in content of individual elements of CIS thin-films 
deposited at various voltages is shown in Table 3.1 
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Table 3.1: Variation in content of individual elements of CIS thin-films deposited at various 
applied voltages 
Applied Voltage (V) 
Content of individual elements (at. %) 
Cu In Se 
-0.7 46.21 4.78 49.01 
-1.0 35.24 12.86 51.90 
-1.5 27.43 21.82 50.75 
 
A deposition voltage of -0.7 V is initially chosen to perform the electrodeposition of CIS 
thin-films, which is often employed using a three-electrode system, as discussed previously. 
It can be seen from Table 3.1 that the content of In is very low at -0.7 V with Cu and Se 
being rich in the films. The deposition is then performed by increasing the negative 
deposition voltage to -1.0 and -1.5 V. With an increased deposition voltage, the content of 
In increased from ≈ 5 to 22 at. % while the copper content decreased appreciably with no 
considerable change in Se content. This increased In content in the deposit clearly 
demonstrate the need of higher (more negative) deposition voltages using a two-electrode 
system, which is in agreement with the previously reported findings of Dharmadasa‟s group 
[166].  
 
The morphology of the CIS thin-films deposited at different deposition voltages is shown in 
Figure 3.1. At a lower deposition voltage of -0.7 V, flower like particles are observed which 
disappeared as the voltage is increased to -1.5 V. In addition, the porosity and roughness 
seems to be higher at the higher deposition voltage of -1.5 V. The reasons for the porosity 
and roughness of the films are discussed as follows: Firstly, the continuous use of constant 
potential/current during the DC method leads to continuous deposition of films without any 
relaxation. This result in the growth of material at the existing nucleation sites takes place 
rather than generating new nucleation sites leading to a rough and porous deposit, as 
discussed for the mechanism of DC deposition in section 1.9.1. In addition, the rapid 
deposition rate at the higher deposition potential also causes roughness in the 
electrodeposited films [166]. Another important reason is the competing hydrogen evolution 
reaction that occurs during the deposition of thin-films at more negative deposition voltages 
as explained below.  
 
For the deposition voltage of -1.5 V the current density during deposition is observed to be 
≈ 30 mA/cm2. This current density is then utilized to calculate the current efficiency (CE) of 
66 
the process using Faraday‟s law. CE is defined as the ratio between the actual amounts of 
material deposited to that calculated theoretically from Faraday‟s law. In this way, one can 
estimate the amount of current density/charge that is being wasted without getting utilized 
for the intended material deposition. In the present study, at a deposition voltage of -1.5 V, 
the CE is calculated to be ≈ 73 %, indicating the wastage of current involved in the 
deposition process. In general, evolution of hydrogen and/or the reduction of impurities 
during deposition account for the wasted current/charge. The hydrogen evolution reaction is 
expected to be more prominent and competes with the deposition of CIS films in the present 
study since the deposition is carried out in aqueous electrolytes. The hydrogen bubbles 
evolved during the deposition get entrapped into the films at the cathode. In addition, due to 
the continuous supply of constant voltage during the DC deposition and the rapid deposition 
process, material deposition occurs covering these bubbles making it almost impossible for 
them to be diffused away. This entrapment of hydrogen in the deposited films not only 
makes them porous but also causes the embrittlement when the films are annealed at higher 
temperatures.  
  
 
Figure 3.1: The morphology of CIS thin-films deposited at a voltage of a) -0.7, b) -1.0 and c) -
1.5 V 
 
A two-electrode system with higher deposition voltage using the DC electrodeposition 
though succeeded in improving the In content in the films but yielded a rough and porous 
morphology. In addition, films are rich in copper indicating the possibility of detrimental 
copper selenide phases which are often observed in copper rich samples. The films are not 
investigated further for the phase constitution and other properties as the DC deposition is 
out of the scope of present work. To avoid above mentioned difficulties, use of complexing 
agents, employing a three-electrode system and an additional selenization step in addition to 
the post deposition treatments such as etching with KCN, Br2, etc. were practiced to 
fabricate phase pure compact CIS thin-films by DC electrodeposition technique. These 
aspects not only make the technique expensive but might also result in poor quality CIS 
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films. For instance, the use of KCN etching makes the film rough and use of complexing 
agents might result in impurities in the deposited CIS films which ultimately reduce the 
device performance. Hence, it would be essential to achieve stoichiometric phase pure 
chalcopyrite CIS thin-films by avoiding the above mentioned aspects. In this context, the 
present study proposes a novel pulse electrodeposition technique for the preparation of CIS 
thin-films as follows.  
 
3.2 Pulse electrodeposition (PED) of CIS thin-films 
The optimized potential during the DC electrodeposition of CIS thin-films are considered 
for the initiation of pulse electrodeposition (PED) of the CIS thin films. The same precursor 
concentrations are used as mentioned above for DC deposition and the pH of the electrolyte 
is maintained in the range of 2.15 to 2.40. The potential of -1.5 V which resulted in a 
considerable amount of In incorporation during the DC deposition is used for PED too with 
a deposition time of 15 min. The typical applied pulse-voltage and the corresponding 
current density curves are shown in Figure 3.2. It can be noted that there is a small positive 
current density (≈ 0.5 – 1.5 mA/cm2) during the pulse off-time though a zero voltage is 
applied (Figure 3.2b). This could be due to the presence of an electric double layer at 
cathode-electrolyte interface forming a capacitor of molecular dimension [77, 156]. The 
duty cycle for the application of pulses is varied in the range of 17 to 67 % (varied off-time 
with fixed on-time). Although higher voltage is employed but due to the pulse-supply the 
resulting effective plate potential is observed to be only in the range of 0.25 to 1 V. This 
decreased plate potential also resulted in the effective current density during deposition 
which is observed to be ≈ 5 – 15 mA/cm2. The CE calculations are then carried out using 
Faraday‟s law and are found to be in the range of 90 – 95 % for various duty cycles 
employed. The increased CE for PED over DC affirms considerable reduction in the applied 
current and hence, reduced hydrogen evolution during the deposition. The PED technique 
employed in the present study did not result in any disruption and dissolution of the 
deposited film into the electrolyte, which generally happens with higher deposition voltages 
as previously reported [166]. The PED deposited CIS films are annealed at 550° C for 30 
min under Ar atmosphere. Effect of pulse parameters on the composition of individual 
elements and morphology of the electrodeposited CIS films are studied in detail. 
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Figure 3.2: Typical curves of a) applied pulse-voltage and b) corresponding current density 
employed for PED of CIS films 
 
3.2.1 Compositional analysis  
Compositional analysis of the PED CIS films is investigated by energy dispersive X-ray 
spectroscopy. The ideal stoichiometry of copper indium diselenide is CuInSe2 
corresponding to a composition (in at. %) of Cu-25, In-25 and Se-50. The duty cycle (pulse 
off-time) has been varied in a systematic way to achieve ideal stoichiometry. Variation in 
content of individual elements in annealed CIS films and the film composition with varied 
duty cycle are shown in Table 3.2. A drastic variation in the In content is observed with the 
variation in the pulse off-time (Toff) from 5 ms to 50 ms. In order to further investigate, a 
detailed study on the optimization of In content with variation in pulse off-time is employed. 
 
Table 3.2: Variation in content of individual elements and film composition with pulse off-time. 
(At constant Ton = 10 ms) 
Off-time 
(ms) 
Content (at. %) 
Film stoichiometry 
Cu In Se 
5 24.75 40.20 35.00 Cu0.99In1.61Se1.40 
8 26.00 24.78 49.25 Cu1.04In0.99Se1.97 
10 24.25 24.69 51.25 Cu0.97In0.98Se2.05 
15 32.50 18.75 48.75 Cu1.30In0.75Se1.95 
18 37.25 15.35 47.75 Cu1.49In0.61Se1.91 
50 53.75 1.99 40.50 Cu2.15In0.23Se1.62 
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As it can be seen from Table 3.2, very small amount of In content is observed in the films 
deposited using a Toff of 50 ms. Hence, a drastic reduction in the Toff is used for the 
subsequent deposition wherein a Toff of 18 ms is employed resulting in considerable 
increase in the amount of In. In a similar way, when In is observed in larger contents for a 
Toff of 5 ms, the Toff is increased to 8 ms and a reasonably suitable amount of In is detected 
as required for the formation of stoichiometric CIS films. From the above observation, the 
Toff is systematically varied between 5 and 50 ms. The results are very interesting that with 
an increase in the Toff, a decrease in In content is observed in the films. The reason for the 
decreased In content is explained as follows: The unintended positive current density 
observed in Figure 3.2b might oxidize the elements with least electronegativity from the 
deposited film leading to the dissolution of corresponding element into the electrolyte. In 
the present study, this positive current density during the pulse off-time is expected to 
oxidize In, since it has the lowest electronegativity among the three elements. Owing to the 
dissolution of In during the Toff, increase in Toff results in increased dissolution leading to 
the loss of In in the films. Hence, the content of In decreased with an increase in Toff. A 
similar phenomenon was reported previously during the pulse electrodeposition of CIS and 
CIGS thin-films [156, 167]. It is clearly observed from Table 3.2, that the film composition 
exhibited a stoichiometry close to ideal value for a film deposited with Toff values of 8 ms 
and 10 ms for a fixed Ton value of 10 ms. 
 
3.2.2 Morphological characterization  
The morphology of annealed CIS films prepared with different Toff values, while Ton is kept 
constant at 10 ms, is shown in Figure 3.3. The morphology of CIS films deposited at 5ms 
off-time appears similar to the one observed for DC deposited films, which contained 
elongated agglomerated particles (Figure 3.3a). The morphologies for the CIS films 
deposited at 8, 10 and 15 ms exhibit a flake like crystallite structure wherein 8 and 10 ms 
correspond to the near-ideal stoichiometric CIS films. Hence, it can be noted that the 
stoichiometric CIS films with flake like crystallites morphology are achieved with 
successful optimization of parameters. This structure is novel and to the best of author‟s 
knowledge, is being reported for the first time for CIS thin films. Such a flake-like 
morphology is expected to be advantageous since they expect to have more surface area of 
the film which is exposed to light, thereby causing improvement absorption of light and 
hence, photoresponse. This is expected to be particularly advantageous at the device stage 
since it facilitates increase in the p-n junction area of the solar cell which directly influences 
its performance. Zhou et al., have achieved similar morphology and reported that the CZTS 
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flower like particles increased the performance of the device and also observed the 
reduction in electrical resistivity [168]. In the present case, flake like crystallite structure is 
favorable to increase current carrier concentration, electron transmission and thus induce the 
generation of photocurrent [168]. The formation of flake-like crystallite structure could be 
due to the dissolution of In that takes place during the off-time of pulse electrodeposition of 
CIS films, as previously mentioned. As it can be seen from Figure 3.3, the bead-like 
structures are formed at the beginning which are then transformed to flake-like nature with 
the increase in off-time until 10 ms. However, with further increase in off-time the size and 
area of the individual flakes decreased and ultimately the complete dissolution of structure 
is observed at 50 ms. This could be attributed to the dissolution of In which increases with 
an increased Toff. A systematic manipulation of pulse parameters resulted in a stoichiometric 
CIS thin-films with a novel flake like morphology.  
 
 
Figure 3.3: Surface morphology of pulse electrodeposited and annealed CIS films at a Toff of a) 
5, b) 8, c) 10, d) 15, e) 18 and f) 50 ms (at fixed Ton = 10 ms) 
 
3.2.3 X-ray diffraction of PED CIS films 
XRD patterns of annealed CIS films deposited with the variation of Toff are shown in Figure 
3.4. Though all the samples are characterized the relevant difference is observed for the 
samples with considerable variation in the composition. Hence, the relevant spectra are 
discussed here. XRD spectra for all the samples show that the strongest peak corresponds to 
the (110) preferred orientation of the molybdenum substrate (JCPDS diffraction file no. 42-
1120). In addition, the chalcopyrite structure of CIS thin-films (JCPDS diffraction file no. 
35-1102) is confirmed by the XRD patterns with preferred diffraction orientation to (112). It 
has already been explored by several researchers that CIS thin-film has preferred diffraction 
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orientation to (112); however, it varies with the orientation of the substrate [35, 39, 165]. 
Orientations of CIS film, corresponding to (220) and (312) are also seen in the patterns. The 
preferred (112) orientation of CIS thin-films is compared with the variation in Toff in the 
present study. An increase on Toff from 8 to 10 ms resulted in an increase in the peak 
intensity of (112). This is certainly expected as the films deposited at a Toff of 10 ms have 
near ideal stoichiometry. However, with a further increase in Toff to 18 and 50 ms resulted in 
very small intensities for (112) peak since these films have lower In content than the desired 
amount to form the chalcopyrite structured CIS. Undesired copper selenide phases such as 
Cu2-xSe, which are generally observed in the DC electrodeposited CIS films, are not 
observed from the XRD patterns in the present PED deposited CIS films. 
  
 
Figure 3.4: XRD patterns of annealed pulse electrodeposited CIS thin-films with varied Toff 
 
3.2.4 Micro-Raman analysis of PED CIS films 
As discussed previously in section 2.3.4, the specific purpose of the high-resolution micro-
Raman studies in the present study is not only to ascertain the vibrational modes of 
individual phases but also to detect any surface dispersed microcrystallites of Cu2-xSe. In 
general the detection of phases like CIS, CGS, CIGS, Cu2-xSe is difficult by XRD due to the 
negligible variation in 2θ values for the dominant (112) orientation of each phase and these 
can easily be detected by micro-Raman studies [140]. Figure 3.5 shows the Raman spectra 
of electrodeposited and annealed CIS films for varied Toff from 8 to 50 ms. The spectra 
contain well-defined peaks at wavenumbers of 176, 215, 234 and 260 cm-1. The peaks at 
176, 215 and 234 cm-1 are attributed to the A1, B2 and E modes of CIS films and the peak at 
260 cm-1 is attributed to the A1 mode of Cu2-xSe [140]. Though the Cu2-xSe phase is not 
observed in XRD, is detected from the Raman spectra in the PED CIS films. If the spectra 
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are carefully compared, the A1 mode of CIS takes the maximum peak for the films 
deposited at a Toff of 10 ms and has the minimum amount of copper selenide phase. The 
films deposited at a Toff of 8 and 18 ms have more copper selenide than CIS. Further 
increase in off-time to 50 ms resulted in only copper selenide films than the desired CIS 
films which corroborates the compositional analysis wherein the films deposited at 50 ms 
off-times have hardly any In content. However, the formation of undesired copper selenide 
phase and its presence even after annealing is detrimental to the performance of CIS films 
since being a degenerate semiconductor, Cu2-xSe is highly conductive and results in high 
dark currents [61, 79]. In addition, Cu-Se phases generally segregate to the grain boundaries 
thereby limiting the grain growth which increases the scattering to the minority carriers 
[62]. Further, these phases are also expected to segregate to the surface of the films which 
might eliminate the photovoltaic nature of the CIS thin-films completely [61]. These results 
from Raman spectra indicate that the PED technique allows good control over phase 
formation by suitably manipulating the pulse parameters to obtain the required phases. In 
addition, it is suggested that stoichiometric chalcopyrite CIS thin-films with a novel flake-
like morphology are successfully prepared using the pulse condition of Ton = 10 ms, Toff = 
10 ms with a deposition potential of -1.5 V.  
 
 
Figure 3.5: Raman spectra of annealed pulse electrodeposited CIS films with varied Toff 
 
3.2.5 Cross-sectional analysis using FIB 
Focused ion beam analysis is employed to study the cross section of the Mo-CIS thin-film 
interface. The optimized chalcopyrite thin-film is milled and imaged using FIB. A FIB cross 
sectional image of the CIS film deposited at 10 ms off-time is shown in Figure 3.6. Cross-
sectional analysis of the films is not only intended to determine the thickness but also to 
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examine the interface carefully since a flake-like morphology is observed. It can be clearly 
observed that there is a well-defined interface with a continuous layer between the Mo foil 
(substrate) and the deposited CIS layer. The thickness of the CIS layer around this Mo-CIS 
interface is of the order of 100 nm. The presence of this interface confirms the fact that a 
complete coverage of CIS on the Mo surface initially occurs and Mo is not exposed to light 
during the measurement of photoelectrochemical response of the CIS thin films. The lower 
dark current during the photoelectrochemical performance confirms the same, as shown 
later in Figure 3.8, because being a metal; Mo is expected give very high dark currents upon 
exposure to the electrolyte. In addition, though FIB analysis is also intended to infer the film 
thickness but due to the high energy of the ion beam the flakes suffered a local melting on 
the surface. This local melting made it difficult to conclude the thickness of CIS films. 
However, the flake height (thickness) is approximately observed to be 0.8 to 1 μm.  
   
 
Figure 3.6: Cross-sectional image of optimized pulse electrodeposited annealed CIS thin-film 
 
3.2.6 Optical studies – Determination of bandgap 
UV-Vis-NIR diffuse reflectance spectroscopy is used to measure the optical absorption of 
optimized annealed CIS thin-films. The absorption spectrum is then used and (αhν)2 vs. hν 
(Tauc‟s plot) is plotted as shown in Figure 3.7. Extrapolation of the linear section of this 
plot yields a bandgap of 1.02 eV, which is close to the reported value of 1.04 eV for 
CuInSe2 [13, 14]. 
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Figure 3.7: Tauc's plot of optimized pulse electrodeposited annealed CIS thin-films 
 
3.2.7 Photoelectrochemical analysis 
The photoelectrochemical performance of the electrodeposited CuInSe2 thin films is studied 
in a 0.1 M Na2SO4 solution (pH = 4.0). Current vs. potential curves are obtained in the range 
of 0 to -1.0 V vs. SCE with a potential sweep rate of 10 mV/s. Figure 3.8 shows the current-
potential curves under dark and AM 1.5 G solar simulated light for the optimized annealed 
CIS thin-film. The I-V curve is similar to the one reported previously [92]. An increase in 
cathodic photocurrent, a characteristic of a p-type semiconductor, is observed with increase 
in cathodic potential. This behavior is attributed to an incomplete photonic conversion, 
which causes a recombination of charge carriers at the grain boundary of the semiconductor 
[156, 169]. Photocurrent density observed at a potential of -0.6 V vs. SCE is ≈ 20 μA/cm2. 
Ugarte et al., observed multinuclear, spherical particle like growth in morphology for the 
CIS film and reported a photocurrent density of ≈ 10 μA/cm2 at -0.6 V, however glycine 
acid and EDTA are used during deposition to improve the photocurrent of CIS thin films 
[92]. Zhou et al., have achieved similar morphology for CZTS films and reported that the 
CZTS flower like particles increased the performance of the device and also observed the 
reduction in electrical resistivity [168]. In the present study, the reason for the increment in 
the photocurrent can be attributed to the flake like crystallite structure of the CIS films 
achieved through appropriate control of pulse parameters. Flake like crystallite structure is 
favorable to increase current carrier concentration, electron transmission and thus induce the 
generation of photocurrent. In addition to the flake like crystallite structure, considerable 
reduction of undesired Cu2-xSe secondary phases, achieved with suitable variation of pulse 
parameters, is one of the significant factors in the improvement of photocurrent. Kemell et 
al., observed that the photoactivity of CIS films was completely lost and have attributed that 
75 
it might be due to the segregation of the detrimental Cu2-xSe phase to the surface or at the 
grain boundaries [61]. Also, the interfacial adhesion between the CIS thin film and the Mo 
substrate becomes very poor, resulting in an adverse effect on the interface resistance which 
deteriorates the performance of the solar absorber layer [161]. Hence in the present context, 
with suitable manipulation of pulse parameters Cu2-xSe phases are reduced which resulted in 
improved photoelectrochemical performance of the CIS thin films. 
 
 
Figure 3.8: PEC measurements: I-V characteristics of the annealed CIS film deposited at the 
optimized pulse condition under AM 1.5 G solar simulated light. 
 
The photocurrent at -0.8 V is observed to be higher than that at -0.6 V and has been 
measured for all the CIS films deposited with the variation in Toff. The plot of photocurrent 
vs. pulse off-time is shown in Figure 3.9. It can be clearly observed that the photocurrent 
increased with increase in Toff to 10 ms and then decreased with an increase in Toff to 50 ms. 
This could be attributed to the near-ideal stoichiometry as well as the flake-like morphology 
achieved for the films at 10 ms off-time. The larger/smaller In content and hence, the 
deviated film composition from the ideal stoichiometry for the other values of Toff resulted 
in lower photocurrent. 
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Figure 3.9: Variation in photocurrent density (at -0.8 V) of pulse electrodeposited annealed CIS 
thin-films with varied Toff. 
 
3.3 Conclusions 
Optimized CIS thin-films with controlled Cu, In and Se content have been successfully 
deposited by pulse electrodeposition technique at a cathodic potential of about -1.5 V with 
the optimized pulse condition being Ton = 10 ms and Toff = 10 ms. A two electrode system is 
considered over a three electrode system as mentioned earlier which is economical for 
scaling up. The optimized CIS thin-films contained flake like crystallite structure which is 
advantageous because of the high surface area that improves the photoresponse of the film. 
Flake like crystallite structure is also expected to be advantageous at device stage due to the 
possible increment in the junction area which further improves the performance of the solar 
cell. The chalcopyrite structure of the CIS films is confirmed from the XRD and Raman 
spectroscopic measurements. From the Raman spectra it is also concluded that the undesired 
secondary phase of Cu2-xSe can be reduced by varying the pulse parameters and is observed 
to be minimum for the electrodeposited CIS with optimized pulse condition. Optical 
absorption studies confirmed the bandgap of CIS films as 1.02 eV which is similar to the 
value reported earlier. Photoelectrochemical response of the CIS films is studied and a 
photocurrent density of ≈ 20 μA/cm2 is obtained for the CIS film which is deposited at the 
optimized pulse condition.   
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Chapter 4 
 
Pulse electrodeposition of Cu(In,Ga)Se2 
   
Pulse electrodeposition (PED) of Cu(In,Ga)Se2 (CIGS) thin-films is one of the principal 
objectives of the present study. In general, optical, electric and electronic properties which 
influence the ultimate device performance depend directly on the composition and 
morphology of the CIGS thin-films. Hence, the control over these aspects is an essential 
concern to look at while fabricating these films. In this context, the relevant advantages of 
PED and the studies pertaining to the deposition of CIGS films by this technique have been 
extensively reviewed in previous chapters. Very few reports have appeared on the PED of 
CIGS films though the technique has shown greater compositional control over the elements 
in this complex quarternary system. This could be due to the complexity involved in a PED 
technique because of its additional variables such as pulse on-time (Ton) and pulse off-time 
(Toff) compared to a direct current (DC) method. Hence, it is important to understand the 
variation in composition and morphology of deposited films with the variation in Ton and 
Toff so that a suitable manipulation of these variables allows to achieve the desired 
composition and morphology. The present study focuses on the systematic variation in pulse 
parameters to achieve stoichiometric phase-pure compact CIGS and also proposes a 
plausible mechanism to understand the characteristics associated with the compositional and 
morphological control. In this context, the present chapter covers the following topics: 
1. Cyclic voltammetry of Cu-In-Ga-Se system – to infer the reduction potentials  
2. Pulse electrodeposition (PED) of CIGS films – optimization of parameters to fabricate 
stoichiometric compact phase pure CIGS films and to understand the plausible 
mechanism. Direct current (DC) electrodeposition of CIGS thin-films is also performed 
to compare the properties between DC and PED plated CIGS films 
  
4.1 Cyclic voltammetry (CV) of Cu-In-Ga-Se system 
4.1.1 CV of Cu-Se, In-Se, Ga-Se, Cu-In-Se, Cu-Ga-Se and Cu-In-Ga-Se 
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The reduction potentials of individual Cu, In, Ga and Se using cyclic voltammetry (CV) 
have been reported previously. Their possible chemical reduction reactions along with their 
reduction potentials are mentioned in section 1.10. The CV of binary/ternary phases of Cu-
In-Ga-Se system is predominantly interesting due to the fact that the binary selenides of Cu, 
In and Ga are expected to get reduced at a more positive potential than the individual 
elements. In this context, CV of the binary/ternary/quarternary systems such as Cu-Se, In-
Se, Ga-Se, Cu-In-Se, Cu-Ga-Se and Cu-In-Ga-Se have been investigated in detail. The 
experimental procedure adopted for carrying the CV of these systems is mentioned in 
section 2.3.7. The precursor concentrations are used in the same range as shown in Table 
2.1. In addition, EDS has been used to detect the qualitative presence of the corresponding 
elements on the Mo electrode after performing the CV.  
 
Figure 4.1 shows the CV curves of the binary and ternary systems from various 
combinations of CuCl2, InCl3, GaCl3 and H2SeO3. The first of their combination is the 
mixture of CuCl2 + H2SeO3 and the respective CV is shown in Figure 4.1a. It clearly reveals 
a cathodic reduction peak at -0.32 V vs. SCE and is attributed to the reduction of Cu-Se 
binary phase as previously reported [88, 98, 156, 170]. The CV of Cu-Se system also 
suggests the formation of Cu-Se binary phase which precedes the formation of CIS/CIGS 
during the co-electrodeposition [98, 170]. The CV of the mixture of InCl3 + H2SeO3 is 
performed for the possible detection of In-Se phases. CV of In-Se system (Figure 4.1b) does 
not reveal any peak even though the potential sweep is increased to -0.9 V compared to -0.5 
V employed for Cu-Se system. In a similar way, no reduction peak is observed in the case of 
Ga-Se system too (Figure 4.1c). These results clearly indicate that In or Se or In-Se and Ga 
or Se or Ga-Se are not reduced directly onto Mo even if the potential sweep is increased 
towards more negative values. The results are in consistent with the previous reports that In 
or Ga and their related binary phases with Se do not directly get deposited onto Mo 
substrate [71]. The co-deposition of CIS/CIGS often starts with the deposition of Cu and/or 
Cu-Se followed by the incorporation of In and Ga. It is inferred that the reduction of In and 
Ga onto Mo occurs only with the aid of Cu suggesting the necessity of Cu‟s reduction at the 
initial stages of deposition. Hence, in the present study, In-Se and Ga-Se systems did not 
produce a reduction peak onto Mo.   
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Figure 4.1: Cyclic voltammetry curves of a) CuCl2 + H2SeO3, b) InCl3 + H2SeO3, c) GaCl3 + 
H2SeO3, d) CuCl2 + InCl3 + H2SeO3, e) CuCl2 + GaCl3 + H2SeO3 and f) CuCl2 + InCl3 + GaCl3 + 
H2SeO3 solutions. 
 
To further investigate the reduction mechanism of CIS and CIGS films, the cyclic 
voltammogram experiments are conducted on the combination of Cu-In-Se, Cu-Ga-Se and 
Cu-In-Ga-Se. Figure 4.1d shows the cyclic voltammogram of the mixture of CuCl2 + InCl3 
+ H2SeO3. The CV shows a cathodic reduction peak at a potential of -0.74 V vs. SCE, which 
can be attributed to the reduction of Cu-In-Se phase. This result is also in consistent with 
previous reports [156, 170]. However, a detailed of the Cu-In-Se is further employed which 
discusses the mechanism corresponding to CIS formation as explained later. In addition to 
the CIS system, CGS system has also been investigated using CV and is shown in Figure 
4.1e. Similar to the CIS system, CV of CGS system shows a reduction peak at -0.83 V vs. 
SCE which corresponds to the reduction of Cu-Ga-Se. It can be noted from the CIS and 
CGS systems that the CGS observed to have a more negative reduction potential than the 
CIS. It is well known that Ga has more negative reduction potential than that of In due to the 
lower electronegativity. Hence, the shift in the reduction potential between CIS and CGS is 
logical. Ultimately, the mixture of CuCl2 + InCl3 + GaCl3 + H2SeO3 is studied, which has a 
cathodic reduction peak at a potential of -0.8 V vs. SCE corresponding to CIGS, as shown in 
Figure 4.1f.  
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The cyclic voltammogram studies of the above systems are consistent with the previous 
reports when the experiments were carried out using a three-electrode system wherein SCE 
is used as reference electrode. However, as a key execution, the present work avoids the use 
of reference electrode and employs a two-electrode system for the electrodeposition of 
CIS/CIGS thin-films. Hence, it is relevant to explore the cyclic voltammetry of the CIGS 
systems using a two-electrode system for the observation of possible deviations in the 
reduction potential compared to a three-electrode system. Figure 4.1f shows the CV of 
CIGS system using two- and three-electrode systems. As previously mentioned, the 
reduction peak of CIGS is observed to be around -0.8 V vs. SCE when a three-electrode 
system is employed. However, the reduction peak of CIGS is detected at -1.1 V with the use 
of a two-electrode system, indicating considerable shift of about -0.3 V. Apparently, the 
potential shift is approximately same as the standard electrode potential of SCE vs. normal 
hydrogen electrode (NHE). However, experiments with different systems might be required 
to verify the same. The considerable shift in the reduction potential of the CIGS system is an 
interesting point and supports the use of more negative reduction potential for the deposition 
of CIS/CIGS thin-films when a two-electrode system is employed. The inference also 
explains the use of -1.5 V as the applied deposition voltage for the electrodeposition of CIS 
thin-films, discussed in the previous chapter. It is meaningful to use a slightly more 
deposition voltage than the reduction potential of the corresponding system, since the 
applied voltage is simultaneously used for the possible reduction of impurities in the 
electrolyte and/or reduction of H+ ions to H2 (dominant when aqueous electrolytes are used), 
often leading to lower values for current efficiency. 
 
4.1.2 CV of Cu-In-Se and Cu-In-Ga-Se: Multiple sweeps 
Cyclic voltammetry of CIS and CIGS is discussed in the above section; however, the results 
presented are one of the random runs performed for the corresponding systems. Often 
multiple sweeps are required to observe the change in reduction peaks which reveal the 
details of possible mechanism. Hence, to investigate the detailed mechanism, seven sweeps 
of the CV for CIS and CIGS systems are performed using the same solution on the same 
electrode. The number of sweeps, however, does not need to be only seven, depends on the 
stabilization of the reduction peak at the reduction potential of the corresponding system.  
 
Figure 4.2a shows the cyclic voltammetry of CuCl2 + InCl3 + H2SeO3 with increased 
number of sweeps. During the first sweep of the CV two cathodic peaks around -0.3 and -
0.5 V corresponding to the reduction of Cu-Se and In-Se phases are observed. It is important 
81 
to note that Cu-Se reduction is initiated first since the reduction of In-Se does not happen 
without the presence of Cu, as discussed above. As the number of sweeps increased the peak 
at -0.3 V disappeared and the peak at -0.5 V shifted to more negative values considerably. 
Further increase in number of sweeps has shown the stabilization of the peak around -0.7 V 
with an observed increase in the area of the peak. The behavior clearly demonstrates the 
mechanism of CIS electrodeposition as reported previously [98]. The reduction of Cu-Se 
and In-Se binary phases occurs at the initial stages of deposition followed by the reduction 
of overall CIS. This set of cyclic voltammogram studies indicate that Cu is electrodeposited 
first on the working electrode, which facilitates the deposition of subsequent In for the 
deposition of CIS. Similarly, cyclic voltammogram of CuCl2 + InCl3 + GaCl3 + H2SeO3 is 
performed for multiple sweeps, as shown in Figure 4.2b. Two well-defined cathodic 
reduction peaks at -0.3 and -0.5 V are observed in this case too, which are attributed to the 
reduction of Cu-Se and In-Se peaks. With increasing the number of sweeps the peak at -0.3 
V disappeared similar to the case of CIS system. However, a continuous shift of the peak at 
-0.5 V towards more negative values is observed with increased number of sweeps. This 
could be attributed to the more negative reduction potential of Ga which could possibly be 
incorporated into Cu-In-Se system leading to the formation of CIGS. The observation of 
peaks and the possible mechanism are in consistent with the previous reports [71, 156].  
 
 
Figure 4.2: Multiple sweeps of CV of a) Cu-In-Se and b) Cu-In-Ga-Se systems. 
 
In conclusion, cyclic voltammetry studies of different systems have been performed to infer 
the reduction potentials of binary/ternary/quarternary phases and to understand the plausible 
mechanism for the formation of CIGS thin-films. In addition, shift in reduction potential of 
CIGS has been observed when a two-electrode system is used by avoiding the reference 
82 
electrode. Hence, it is suggested to use a more negative deposition voltage when the 
deposition of films is aimed using a two-electrode system. These results are used for the 
initiation of pulse electrodeposition of CIGS thin-films as discussed in the following 
sections.  
  
4.2 Pulse electrodeposition of CIGS 
Pulse electrodeposition (PED) of CIGS thin-films is performed using a two-electrode 
system on Mo/glass substrate. Preparation of electrolyte and make of electrodes has been 
detailed in section 2.2.1. The precursor concentrations are chosen based on the optimized 
reports previously available for the formation of chalcopyrite CIGS thin-films [95]. CuCl2 
(3 mM), InCl3 (6.4 mM), GaCl3 (8.5 mM) and H2SeO3 (6 mM) are respectively considered 
for the present case with a final pH maintained between 2.20 – 2.40. The pulse parameters 
are varied around the optimized set of conditions achieved for the CIS thin-films. 
Consequently, a variation in duty cycle is employed in the range of 40 to 67 % by the 
variation in pulse off-time. In addition to the PED technique, direct current (DC) deposition 
is also performed using the same precursor solutions. The DC deposited films in the present 
study are referred as PED plated films with a duty cycle 100 % since it indirectly 
corresponds to an off-time of 0 ms. CIGS thin films are electrodeposited using a deposition 
voltage of -1.5 V for a deposition time of 15 min at room temperature. Schematic of applied 
pulse voltage and corresponding current density are similar to the one used for CIS films as 
shown in Figure 3.2. The need for more negative deposition voltage has been discussed in 
the previous sections. Electrodeposited CIGS films are annealed under Ar atmosphere for 30 
min and are comprehensively characterized.  
 
4.2.1 Compositional analysis of CIGS thin-films 
The composition of the pulse electrodeposited annealed CIGS thin-films, as determined by 
EDS, is shown in Figure 4.3a. In addition, the ratios of Ga/(In+Ga) and Cu/(In+Ga), which 
are the decisive factors for efficiency of CIGS solar cell, are shown in Figure 4.3b. The 
figures also represent the composition of DC deposited CIGS films, shown as 100 % duty 
cycle. The DC deposited CIGS films are Cu rich in composition and have very less In and 
Ga. This has often been the case during the DC electrodeposition of CIGS, since In and Ga 
require higher concentration of respective precursors in addition to the higher deposition 
voltage. This is also one of the reasons to perform a multi-step deposition to achieve the 
desired contents of In and Ga into the films. In addition, a complexing agent is frequently 
used to incorporate sufficient In and Ga content into the films. The DC technique in the 
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present study explores the same concentration of precursors employed for PED of CIGS 
films and resulted in Cu rich CIGS films. As a result, the respective ratios of Ga/(In+Ga) 
and Cu/(In+Ga) are calculated to be 1.92 and 0.19, deviating from the desired range as 
reported [26, 28, 142, 171]. The stoichiometry of the annealed DC deposited CIGS films, is 
shown in Table 4.1, which is deviated from the desired stoichiometry of CIGS films.  
 
 
Figure 4.3: Variation in a) elemental composition and b) corresponding Ga/(In+Ga) and 
Cu/(In+Ga) of PED electrodeposited annealed CIGS thin-films with varied duty cycle 
 
On the other hand, PED electrodeposited CIGS films are observed to have higher In content 
and hence, lower Cu content in the films, however, the contents vary with a varied duty 
cycle. As it can be seen from Figure 4.3a, the contents of In and Ga decreased by decreasing 
the duty cycle from 67 to 40 % whereas the content of Cu increased slightly and does not 
show a considerable effect on Se. This behavior can be explained using the current-time 
transient behavior during the PED shown in Figure 3.2. It shows that although applied 
potential pulses are square in nature, the corresponding current density form is differently 
modulated. This could be due to the presence of an electric double layer at cathode-
electrolyte interface forming a capacitor of molecular dimension [77, 156]. In addition, the 
current is observed to change from negative during Ton to positive during Toff, which 
indicates the film deposition process is a combination of cathodic deposition and anodic 
dissolution. Accordingly, in the present case, In and Ga dissolve back into the electrolyte 
due to their lowest electronegativity values corresponding to the positive current during the 
non-pulse duration i.e. Toff, leading to the loss of In and Ga in the deposited film. Similar 
phenomenon of dissolution of In has been observed during the preparation of CIS/CIGS 
thin-films [156, 167]. In addition, the similar decrease in In is observed during the pulse 
electrodeposition of CIS thin-films as discussed in the previous chapter. The stoichiometry 
of CIGS films deposited at various duty cycle values of 40, 50 and 67 % are shown in Table 
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4.1. It can be seen that the films deposited at 50 % duty cycle has slightly Cu poor 
composition with a near ideal stoichiometry as desired for the solar cell application. In 
addition, the corresponding ratios of Ga/(In+Ga) and Cu/(In+Ga) are approximately 0.28 
and 0.96, desirable for high efficiency CIGS absorber layer, at the same duty cycle. It can be 
suggested that the variation in duty cycle during the pulse electrodeposition of CIGS thin-
films has provided a convenient control over the composition of individual elements and 
aided in achieving stoichiometric CIGS thin-films. 
 
Table 4.1: The stoichiometry of PED deposited annealed CIGS films with varied duty cycle 
Duty Cycle (%) Stoichiometry 
100 (DC) Cu1.10In0.46Ga0.11Se2.33 
67 Cu0.81In0.76Ga0.31Se2.12 
50 Cu0.95In0.70Ga0.28Se2.07 
40 Cu1.07In0.56Ga0.20Se2.17 
 
The bulk composition and thickness of the DC and optimized PED deposited CIGS films 
are determined by the X-ray fluorescence spectroscopy and are shown in Table 4.2. The 
bulk composition values are in agreement with the elemental composition determined from 
the EDS. The thicknesses of 0.97 and 0.85 μm are observed for CIGS films deposited by 
DC and PED techniques, respectively. 
 
Table 4.2: Elemental composition and thickness of CIGS films obtained from XRF 
spectroscopy 
Method – 
time (min) 
Elemental composition (at. %) 
Film stoichiometry 
Thickness 
(μm) Cu In Ga Se 
DC – 15 26.8 11.0 3.5 58.7 Cu1.07In0.44Ga0.14Se2.35 0.97 
PED – 15 23.3 17.7 6.5 52.5 Cu0.93In0.71Ga0.26Se2.10 0.85 
 
4.2.2 Morphology of CIGS thin-films 
Morphological characterization of PED electrodeposited and annealed CIGS thin-films is 
investigated by scanning electron microscopy. Figure 4.4 shows the morphologies of 
annealed PED electrodeposited CIGS films with varied duty cycle. For a duty cycle of 40 % 
the morphology of the CIGS films contain cauliflower like particles, as shown in Figure 
4.4a. Though the particles themselves seem compact but the overall surface morphology of 
the film is rough and porous. This could be due to the excessive dissolution of In back into 
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the electrolyte during a quite long Toff resulting in the depletion of the film bulk and a 
corresponding rough surface, which is not desirable for photovoltaic application since it 
accounts for the increased scattering of minority carriers. For an increased duty cycle to 50 
%, spherical particle like morphology is observed which is smooth and compact (Figure 
4.4b). In addition, the deposited film is homogeneous in appearance and is attributed to the 
selective dissolution of the projecting parts with high electrochemical activity from the film 
surface. A homogeneous and compact morphology is necessary in photovoltaic absorber 
layers since it leads to lower resistance and faster minority carrier diffusion, which 
ultimately serves to improve the cell performance. When duty cycle is further increased to 
67 %, though the overall film surface is smooth but it has plenty of discontinuities which 
also may lead to increased resistance to the minority carriers. The variation in the 
morphology and composition of the PED electrodeposited CIGS films with the varied duty 
cycle, is explained later in detail while discussing the growth mechanism studies.  
  
 
Figure 4.4: Morphology of PED electrodeposited and annealed CIGS thin-films deposited at a 
duty cycle of a) 40, b) 50, c) 67 and d) 100 % (DC). 
 
The morphology of the DC electrodeposited CIGS films (duty cycle of 100 %) is shown in 
Figure 4.4d. It can be clearly observed that the morphology of the films is highly porous and 
rough compared to any of the PED electrodeposited CIGS films. This can be explained 
based on several reasons as follows: 1) In general, the concentration gradient existing in the 
electrolyte leads the mass transfer during the electrodeposition process. The reaction rate of 
the diffusion process of metal ions for a mass-transfer process was slower than that of the 
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charge-transfer process. Hence, the rate-determining step for the electrodeposition process 
has been controlled by the diffusion process of metal ions. For the DC electrodeposition 
technique, the ad-ions or ad-atoms have insufficient time to diffuse to a suitable position on 
the Mo substrate before reaching a position to attain the lowest Gibbs free energy. 
Therefore, the surface profile of thin films fabricated by the DC electrodeposition 
techniques is irregular and these thin films are easy to peel off from the Mo substrate. 2) 
During the DC deposition of thin-films, due to the continuous supply of constant current, 
building-up of material takes place at same nucleation sites without the possibility for the 
creation of new nucleation sites thereby causing the roughness in the deposited films. 3) The 
evolution of hydrogen during the deposition due to the use of higher negative voltage. The 
hydrogen evolution reaction is expected to be more prominent and competes with the 
deposition of CIGS films in the present study since the deposition is carried out in aqueous 
electrolytes. Hydrogen bubbles evolved during the deposition get entrapped into the films at 
the cathode. In addition, due to the continuous supply of constant voltage during the DC 
deposition, the deposition occurs onto these bubbles making it almost impossible for them 
to be diffused away at that instant. The entrapment of hydrogen leads to the porosity in the 
deposited films. Unlike the DC electrodeposited CIGS films, highly dense uniform films 
with coarser spherical particles are observed for PED electrodeposited CIGS films, as 
explained earlier. PED method can produce relatively more homogeneous surface because 
the rate-determining step of the deposition process is controlled by a mass-transfer process. 
Relaxation during the pulse off-time in the PED electrodeposition not only allows the 
diffusion of ad-atoms but also facilitates the formation of new nucleation sites thereby 
leading to the homogeneous and compact structure. In addition, during the relaxation time, 
entrapped hydrogen can get diffused away facilitated by the rearrangement of atoms leading 
to reduced porosity in the deposited films. The schematic of the deposition of CIGS films by 
the DC and PED electrodeposition techniques is shown in Figure 4.5.  
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Figure 4.5: Schematic representing the deposition mechanism for DC and PED deposited CIGS 
films 
 
4.2.3 CIGS thin-films with increased deposition time 
Though the near-ideal stoichiometry and compact morphology is observed for the optimized 
PED deposited CIGS thin-films but the respective thickness values are lower than the 
typical requirement of ≈ 2 μm for CIGS based solar cells. Hence, the deposition time has 
been increased to 30 min for CIGS thin-films by DC and PED techniques. The composition 
and the thickness of the CIGS films deposited for 30 min has been determined by XRF 
spectroscopy and are shown in Table 4.3, which confirm the near ideal stoichiometry of the 
CIGS thin-films deposited by PED technique and have a thickness of 1.4 μm. The DC 
deposited CIGS films seem to have higher In content compared to the films deposited for 15 
min but are still Cu-rich in composition and have a film thickness of 1.9 μm.  
  
Table 4.3: Elemental composition and thickness of DC and PED CIGS films deposited for 30 
min, obtained from XRF spectroscopy 
Method – 
time (min) 
Elemental composition (at. %) 
Film stoichiometry 
Thickness 
(μm) Cu In Ga Se 
DC – 30  26.2 13.2 4.1 56.5 Cu1.05In0.53Ga0.16Se2.26 1.93 
PED – 30  23.8 18.2 6.1 51.9 Cu0.95In0.73Ga0.25Se2.07 1.32 
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The morphology of the CIGS films deposited for 30 min is shown in Figure 4.6. It can be 
clearly observed that the compactness of the films increased with increased deposition time. 
The PED deposited CIGS films have larger particles and relatively higher compactness than 
the DC deposited CIGS films. DC deposited CIGS films contain surface dispersed Cu-rich 
flakes (from EDS), which may correspond to Cu-Se phases (confirmed from XRD and 
Raman spectra, discussed later). In general, if the films contain copper selenide phases, they 
get segregated to the grain boundaries thereby limiting the grain growth. Hence, it is 
suggested that stoichiometric compact CIGS thin-films with desired thickness are prepared 
by the successful optimization of deposition parameters.  
      
 
Figure 4.6: Morphology of annealed CIGS films deposited by a) DC and b) PED techniques for 
30 min 
 
4.2.4 X-ray diffraction studies of DC and PED deposited CIGS thin-films  
CIS/CIGS semiconductors, in general, crystallize in tetragonal chalcopyrite structure as 
previously discussed in section 1.6. However, due to the presence of four different elements, 
several binary and ternary phases are expected to be stable along with CIS/CIGS even after 
annealing. Among these, presence of phases such as binary copper selenides are detrimental 
and results in reduced device performance. Due to these aspects, it is extremely crucial to 
detect all the phases that exist in the annealed CIGS films. In this context, the XRD data of 
various possible phases with their preferred orientations are presented in Table 4.4 along 
with the relevant 2θ values. The data is extracted from the JCPDS diffraction files of the 
relevant systems. The JCPDS diffraction file number is also included in the table for 
reference.  
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Table 4.4: Various phases and the relevant 2θ values 
Phase 
JCPDS file 
no. 
Angle (2θ) (hkl) 
Preferred 
Orientation 
Molybdenum 
(Mo) 
42-1120 
40.5 110 1 
58.6 200 3 
73.66 211 2 
87.6 220 5 
101.41 310 4 
Molybdenum 
Selenide (MoSe2) 
29-0914 
13.7 002 2 
37.9 103 1 
47.5 105 3 
31.4 100 5 
55.96 110 4 
57.02 008 4 
Copper Indium 
Gallium Selenide 
(CIGS) 
35-1102 
17.28 101 4 
26.91 112 1 
44.683 220/204 2 
52.99 312/116 3 
65.03 400 5 
Copper Indium 
Selenide (CIS) 
40-1487 
26.6 112 1 
44.26 220/204 2 
52.43 312/116 3 
Copper Gallium 
Selenide (CGS) 
35-1100 
27.79 112 1 
46.14 220/204 2 
54.27 312/116 3 
Copper Selenide 
(Cu2-xSe) 
53-0523 
13.2 111 5 
26.65 222 2 
30.9 115 4 
44.04 404 1 
44.79 414 3 
Indium Selenide 
(In2Se3) 
40-1407 
25.3 102 1 
37.4 110 2 
41.5 006 3 
45.8 202 4 
67.6 300 5 
Gallium Selenide 
(Ga2Se3) 
44-1012 28.26 131 1 
 
Figure 4.7a shows the XRD patterns of annealed CIGS thin-films prepared by DC and PED 
electrodeposition techniques. These patterns show preferred orientation corresponding to 
(112) and other peaks corresponding to (220), (312) and (424) for CIGS (JCPDS diffraction 
file no. 35-1102) are observed in the film, confirming the presence of crystalline 
chalcopyrite CIGS phase in the film. As it can be seen from Table 4.4, it is indeed difficult 
to distinguish between the CIS, CIGS and Cu2-xSe phases due to the narrow variation in the 
2θ values of these phases. Hence, a closer inspection of preferred (112) orientation of CIGS 
and CIS (optimized by PED in previous chapter) has been carefully performed as shown in 
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Figure 4.7. It is clearly observed that the (112) peak of CIS occurs at the 2θ of ≈ 26.60° 
whereas for CIGS it is shifted to ≈ 26.90°. The shift of 0.3° is the characteristic of inclusion 
of Ga into CIS films. Owing to its lower atomic radius, Ga incorporation into CIS contracts 
the crystal structure of CIGS as a whole leading to a decrease in the lattice parameter and 
hence, inter-planar spacing. The decrease in inter-planar spacing in turn leads to a shift in 
the 2θ of XRD to higher value. The shift observed in Figure 4.7b is in agreement with the 
previous reports suggesting the formation of chalcopyrite CIGS with the Ga content being ≈ 
25 – 30 at. % [139]. In addition to CIGS, peaks representing MoSe2 (JCPDS diffraction file 
no. 29-0914) and Mo substrate (JCPDS diffraction file no. 42-1120) are also observed, as 
shown in Figure 4.7a. As previously discussed, Wada et al., reported the formation of thin 
MoSe2 layer at the Mo/CIGS interface at temperatures higher than 500 °C, which not only 
improves the adhesion between Mo and CIGS but also enhances the ohmic contact. In 
addition to the above mentioned phases, the Cu2-xSe secondary phase (JCPDS diffraction 
file no. 53-0523) is observed in the DC electrodeposited CIGS films. This could be 
attributed to the Cu-rich composition of these films as discussed previously from EDS 
studies. However, the secondary phase is absent in the PED electrodeposited CIGS films 
indicating formation of single phase CIGS successfully achieved by the optimization of 
pulse parameters. 
 
 
Figure 4.7: a) XRD patterns of annealed DC and PED deposited CIGS films and b) closer 
inspection of (112) orientation of CIGS and CIS 
 
4.2.5 Micro-Raman analysis of DC and PED deposited CIGS thin-films  
As it is observed from XRD spectra that the peak of Cu2-xSe does not evolve noticeably and 
it could be due to the presence of negligibly small content in the films. In addition, as 
mentioned above, the narrow variation in the (112) orientation of CIGS and Cu2-xSe makes 
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it very difficult to detect this phase using XRD. The presence of such phases can be easily 
detected using the micro-Raman spectroscopy. As discussed earlier in section 2.3.4, in 
micro-Raman spectra, laser beam can be focused to microscopic scale range and facilitates 
the detection of surface dispersed microcrystallite (expected form of Cu2-xSe on CIGS and 
also observed from morphological studies) phases. In the present case, micro-Raman 
analysis is used to investigate the lattice vibrations of CIGS and to confirm whether the Cu2-
xSe secondary phases subsist on the surface of CIGS thin-films. The theoretically possible 
Raman modes and the active Raman modes are discussed below prior to the results of DC 
and PED deposited CIGS films.  
 
CIGS has a structure of body centered tetragonal chalcopyrite crystal AIBIIIC2
IV, with space 
group I ̅2d and point group D2d
12. The primitive cell of AIBIIIC2
IV type compounds is shown 
in Figure 1.7. The vibrational spectrum of chalcopyrite structure consists of 24 zone-center 
vibration modes: 1A1 + 2A2 + 3B1 + 4B2 + 7E. These modes are classified into 3 acoustic 
(B2 + E) and 21 optic-modes (1A1 + 2A2 + 3B1 + 3B2 + 6E) of which B2 and E modes are 
doubly-degenerated. There are 22 Raman active vibrations: A1 + 3B1 + 3B2 + 6E, 18 IR 
active: 3B2 + 6E, and 2 silent modes: 2A2. As mentioned by [140, 172] A1 vibrational mode 
is the major intense Raman mode located in the range of 172 to 187 cm-1 for CIS/CIGS/CGS 
films, which has been ascribed to the motion of Se relative to Cu atoms with Ga at rest. 
Neumann proposed that one of the remaining signals in the range of 210 to 215 cm-1 is the E 
mode of the chalcopyrite compound, which is induced by the change in polarization during 
the vibration of molecular bonds [173]. Xue et al, have reported the structural properties of 
CuSe phase formed as secondary phase on the surface of CuGaSe2 due to excess Cu, by the 
use of micro-Raman spectroscopy [174]. The Raman modes of CuSe and Cu2Se are 
observed at 45 and 260 cm-1, respectively.  
 
Figure 4.8a shows the micro-Raman spectra of the annealed DC and PED deposited CIGS 
thin films. A1, B2 and E modes of the CIGS films are found at 176, 205 and 232 cm
-1 
respectively for both CIGS thin films. Similar to XRD studies, a closer inspection of 
dominant A1 mode has been employed in Raman spectroscopy for CIS and CIGS films and 
is shown in Figure 4.8b. It can be clearly observed that the CIS A1 mode is found at a 
wavenumber of 173 cm-1 while that of CIGS is observed at 176 cm-1. This shift is attributed 
to the incorporation of Ga into CIS films. It is well reported that the A1 mode is observed at 
lower wavenumbers in the range of 171-173 cm-1 for CIGS films with very low Ga content, 
with the peak shifting to higher wavenumbers of 176-178 cm-1 for stoichiometric CIGS thin-
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films and to 187 cm-1 for CuGaSe2. In addition to the chalcopyrite CIGS peaks, a less 
intense peak corresponding to A1 mode of Cu2-xSe at 260 cm
-1 is found in case of annealed 
DC electrodeposited CIGS thin film, as shown in Figure 4.8a. This Cu2-xSe secondary phase 
is generally dispersed on the surface of CIGS thin-film and its existence leads to the rough 
surface morphology of the thin-film. It is also well reported that the Cu2-xSe segregates to 
the grain boundaries thereby limiting the grain growth [62]. Moreover, the interfacial 
adhesion between the CIGS thin film and the Mo substrate becomes very poor, resulting in 
an adverse effect on the interface resistance [161]. Deposition of excess Cu during DC 
electrodeposition caused the deviation from the near ideal stoichiometry and facilitated the 
formation of undesired Cu2-xSe secondary phase. It can now be confirmed that the flakes 
that exist on the surface of the DC deposited CIGS films are attributed to the Cu2-xSe phase. 
Use of complexing agents in the electrolyte during deposition and/or etching of the 
deposited CIGS film using KCN are in practice for the removal of excess Cu and hence, the 
secondary Cu2-xSe phase. However, use of complexing agents might lead to the presence of 
impurities in the film and KCN etching makes the film rough which ultimately causes 
reduction in the performance, as previously discussed in section 1.10. The A1 mode of the 
Cu2-xSe secondary phase, however, is not detected in the thin-film fabricated by the PED 
technique. Hence, it is suggested that the CIGS thin-film fabricated by the PED technique 
with a pulse period of 20 ms and duty cycle of 50 % can effectively remove the undesired 
Cu2-xSe secondary phase and produce a single phase chalcopyrite structured CIGS.  
 
 
Figure 4.8: a) Raman spectra of annealed DC and PED deposited CIGS films and b) closer 
inspection of dominant A1 mode for CIS and CIGS films 
 
4.2.6 Cross-sectional studies of DC and PED deposited CIGS thin-films  
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Figure 4.9 shows the cross-sectional SEM images of DC and PED deposited annealed CIGS 
thin-films. The cross-section of the PED deposited CIGS films is more compact than the DC 
deposited CIGS films which appeared to be porous, indicating the formation of dense CIGS 
thin-films by PED technique. The thickness of the films is determined to be ≈ 2 μm and 1.3 
μm for DC and PED deposited CIGS films, respectively. The thickness values are in 
agreement with the XRF results as discussed previously. The thickness values are in the 
desirable range as required for high efficient CIGS devices [175]. The sputtered Mo layer 
(200 nm) is also seen in the films. 
 
 
Figure 4.9: Cross-sectional SEM images of DC and PED electrodeposited annealed CIGS thin-
films 
 
4.2.7 Optical absorption studies of DC and PED deposited CIGS thin-films  
The optical properties of DC and PED deposited CIGS samples are studied by absorption 
measurements at room temperature with a UV/Visible/NIR diffuse reflectance spectroscopy. 
Optical bandgap (Eg) and absorption coefficient are well known related to photon energy by 
following relation: 
 
              
  
 
where A is constant, Eg is the band gap, ν is the frequency of incident photon and h is the 
Plank‟s constant. And n takes the value 1/2 for direct allowed transition, value 3/2 for direct 
forbidden, and values 2 and 3 for indirect allowed and forbidden transitions, respectively. 
CIS/CIGS thin-films have direct allowed transition as reported by previous researchers [13, 
14, 176]. Figure 4.10a shows the absorbance spectra of DC and PED deposited CIGS films. 
An extended range of absorption from IR through visible to UV can be observed from both 
the spectra. However, the PED deposited CIGS films show higher absorption over the DC 
deposited films (For e. g., αPED ≈ 3.22 × 10
4 cm-1 is greater than αDC ≈ 2.78 × 10
4 cm-1). This 
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could be attributed to the compact morphology of PED deposited CIGS films. Though the 
DC films have higher thickness than the PED films but the higher absorption is observed for 
PED films which might be due to the porosity of the DC plated CIGS films as discussed 
previously. In addition, the transition in the absorption spectra has been observed at ≈ 960 
and 1200 nm for DC and PED deposited CIGS films, respectively, which indirectly points 
about the larger bandgap of DC plated CIGS thin-films. The absorption coefficient of the 
CIGS films in both cases has been calculated using the following relation: 
 
  
                      
              
 
 
The band gap of DC and PED plated CIGS thin-film has been determined using the Tauc‟s 
plot of (αhν)2 vs. hν as shown in Figure 4.10b. Extrapolation of the linear section of the plot 
to the energy axis yields the band gap of the thin-films. The band gaps of DC and PED 
electrodeposited CIGS films are 1.28 and 1.21 eV, respectively, which are in the desired 
range for CIGS thin film as solar absorber layer. The DC plated CIGS thin-films, however, 
have larger band gap compared to the PED plated CIGS films, which is in agreement with 
the transition observed in absorbance studies. A possible reason for this phenomenon is 
carrier degeneracy in Cu(In,Ga)Se2 due to continuous distribution of defect states, such as 
copper vacancies (VCu), or substitutional indium in copper sites (InCu).  
 
 
Figure 4.10: a) Absorption spectra and b) Tauc's plot of DC and PED deposited CIGS thin-
films 
 
4.2.8 Mott-Schottky studies of DC and PED deposited CIGS thin-films  
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Mott-Schottky analysis of the annealed DC and PED deposited CIGS thin-films has been 
carried out. The details are as mentioned in the section 2.3.9. Figure 4.11 shows the Mott-
Schottky (1/C2 vs. V) plot of DC and PED deposited CIGS thin-films in 0.5M H2SO4 at a 
frequency of 10 kHz in the dark. The slope of the MS plots is negative in both cases, 
thereby confirming that the CIGS films are p-type. The flat band potentials of DC and PED 
plated CIGS films are found to be -0.17 and -0.16 V (vs. SCE), respectively, by 
extrapolating the linear section to x-axis. In addition, acceptor densities of CIGS films are 
calculated to be, using the slope of the curve, 2.1 × 1016 cm-3 and 4 × 1016 cm-3, respectively. 
The flat-band potentials and acceptor densities determined herein are close to the desirable 
values for stoichiometric CIGS films that have been reported previously [145]. 
 
 
Figure 4.11: Mott-Schottky plots of a) DC and b) PED deposited annealed CIGS thin-films 
 
4.2.9 Photoelectrochemical (PEC) analysis of DC and PED deposited CIGS thin-films  
The photoelectrochemical performance of annealed DC and PED deposited CIGS thin-films 
is studied in 0.5 M Na2SO4. Current vs. potential curves are obtained in the potential range 
of -0.1 to -0.7 V vs. SCE with a sweep rate of 10 mV/s. Figure 4.12 shows the I-V curve in 
dark and under AM 1.5 G solar simulated light for the CIGS thin films. An increase in 
cathodic photocurrent in the third quadrant, a characteristic of a p-type semiconductor, is 
observed with increase in cathodic potential in both the cases, which also corroborates the 
above discussed Mott-Schottky studies. This behavior is attributed to an incomplete 
photonic conversion, which causes a recombination of charge carriers at the grain boundary 
of the semiconductor [156]. The photoelectrochemical performance of CIGS thin films in 
aqueous electrolytes exhibited similar behavior as reported previously [156, 177]. Improved 
photocurrent is observed for the PED deposited CIGS films over DC deposited CIGS films. 
Near ideal stoichiometry and highly dense uniform morphology of the CIGS films and the 
elimination of Cu2-xSe, an undesired secondary phase by PED, have resulted in the 
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improved performance. Relatively higher dark current is observed for the DC deposited 
CIGS over PED deposited CIGS, which could be attributed to the presence of Cu2-xSe 
secondary phase and the porosity of the CIGS films. Cu2-xSe, being a degenerate 
semiconductor; is highly conductive and results in high dark currents. In addition to the I-V 
characteristics, the amperometric current-time (I-t) curve of annealed PED deposited CIGS 
films obtained at -0.4 V by chopped light as shown in the inset of Figure 4.12. It clearly 
demonstrates the photoactivity nature of CIGS films with a photocurrent density of ≈ 0.1 
mA/cm2. The I-t curve of the DC deposited films could not be demonstrated due to its high 
dark current density which is more than the photocurrent density. The improved 
photoresponse of PED deposited and annealed CIGS films indicate their potential for 
application in thin-film solar cells. In addition, the photoelectrochemical performance of 
these films demonstrates their application for photoelectrochemical hydrogen generation. 
  
 
Figure 4.12: Photoelectrochemical I-V characteristics of DC and PED deposited CIGS thin-
films 
 
4.3 Growth mechanism studies  
This section deals with the growth mechanism studies of DC and PED deposited CIGS films 
to essentially demonstrate the reasons for obtaining compact CIGS thin-films by PED with 
the variation in duty cycle (off-time). Prior to the discussion of the results obtained in the 
present study, the theory explaining the existing mechanisms of electrodeposited species is 
briefed as follows.  
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4.3.1 Theory of nucleation mechanism during electrodeposition  
The morphology/dispersity of an electrochemically reduced metal/alloy phase depends on 
the nucleation and growth of individual particles on the substrate. Nucleation is the initial 
stage of the electro-reduction of metal/alloy species and is regarded as the most critical 
stage of growth for defining the final film properties. Nucleation mechanism is often 
explained using electrochemical chronoamperometry studies. In chronoamperometry 
experiments, the potential is stepped from the open-circuit potential to the reduction 
potential of active species at which the electro-reduction/deposition of the species would 
occur. Current transient of the deposition reaction is described the Cottrell equation as: 
 
    
        
        
  (4.3) 
 
where i is current density, n is number of electrons involved in reduction, F is Faraday‟s 
constant, D is diffusion coefficient, C0 is the bulk concentration of the species and t is time. 
The i-t curve during the electrodeposition of the species provides the basic information 
about the nucleation mechanism. Typical I-t curve during the electrodeposition of active 
species is shown in Figure 4.13. As it can be seen the curve is classified into three zones 
which are explained below.  
 
 
Figure 4.13: Typical I-t curve representing three zones during the electrodeposition of species 
 
A pictorial representation of the substrate/liquid interface for three different zones in Figure 
4.13 is depicted in Figure 4.14. Zone 1 represents the initial conditions prior to the onset of 
reduction reaction. A liquid boundary film adjacent to the solid substrate and a solution bulk 
are depicted. Here the liquid boundary film is presented in simple form, as described by 
Scharifker-Hills, thus no double layer properties are considered. Zone 2 represents the onset 
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of the reduction reaction wherein the reduced atoms sits on the substrate. The distance 
between the ad-atoms depends on the bulk concentration of the active species in the 
solution. In general, for smaller concentrations (1 – 10 mM), the ad-atoms are spaced farther 
apart. Once these species are distributed over the surface in the atomic state, they must 
travel toward each other to minimize the surface energy. Atoms spaced further apart need to 
travel longer distances in order to group together to form a nucleus. This is energetically 
unfavorable because atoms do not have sufficient energy to traverse on the substrate and 
therefore, they group together with the nearest neighbors, resulting in large number of small 
nuclei. The nuclei formed on the surface contribute to the active surface area available for 
reaction. As a result, initial current increases due to the increase in surface area whenever 
the nucleation is involved (zone 2 in Figure 4.13). Each nucleus defines its own diffusion 
zone as shown in Figure 4.14, through which the ad-atoms diffuse, representing the mass-
transfer mechanism for the continuation of growth. Zone 3 represents the final steady state 
of electrodeposition wherein growth of independent nuclei and overlapping of diffusion 
zones occur. These overlapping diffusion zones would eventually include the entire 
electrode surface area and thereby the reaction is strictly controlled by the mass-transfer i. e. 
the system is under steady state conditions. As the growth of independent nuclei leads to the 
coverage of entire surface; it results in the overall active area available on the surface and 
hence, the decrease in current as observed from Figure 4.13.      
 
 
Figure 4.14: Schematic representation of nucleation phenomena during the electro-reduction of 
active species at various stages of deposition. Depicted zones are 1) prior to electro-reduction, 2) 
at the onset of reduction and 3) steady state of electrodeposition. Reproduced from [178].  
 
4.3.2 Types of nucleation mechanism 
Typical nucleation process and the associated mechanism are briefly explained in the 
previous section. There are several methods that utilize the coordinates of the 
chronoamperometric peaks to determine the possible nucleation mechanism and related 
parameters. Among these, the model developed by Scharifker and Hills is the most widely 
used since it allows a simple and rapid classification of the experimental transients into two 
99 
limiting mechanisms as instantaneous nucleation (IN) and progressive nucleation (PN) [179, 
180]. The models are mathematically formulated into following equations [179]: 
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where im and tm are the current and time co-ordinates of the peak observed in a typical I-t 
curve (see Figure 4.13), respectively. 
 
In case of IN, nuclei are formed at the same time and simultaneous growth of the nuclei 
occurs. In other words, slow growth of nuclei on a small number of active sites takes place 
which are all activated at the same time. PN corresponds to fast growth of nuclei on many 
active sites which are activated during the course of electrodeposition. i. e. formation of new 
nuclei and their rapid growth continuously take place with time during the deposition. The 
IN and PN models are pictorially demonstrated in Figure 4.15. It can be clearly observed 
that a small number of nuclei have formed and their slow growth takes place for the case of 
IN. In case of PN, higher number of nuclei has formed at the initial stage and the number 
keeps increasing with deposition time with their simultaneous growth. This often results in a 
rapid coverage of the substrate and hence, the steady state of the electrodeposition. Hence, it 
can be concluded that the rate of nucleation and their independent growth is much higher for 
PN than IN leading to the rapid steady state of deposition for PN than IN. 
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Figure 4.15: Pictorial demonstration of instantaneous and progressive nucleation models with 
the deposition time 
  
The theory described for the nucleation and the respective mechanisms are further adopted 
in the present study to explain the growth mechanism of electrodeposition of CIGS thin-
films using direct and pulse methods. 
 
4.3.3 I-t curves – DC and PED deposited CIGS films 
The I-t curves of DC and PED deposited CIGS films obtained during the deposition are 
shown in Figure 4.16. The typical I-t curves follow the same trend containing three zones as 
shown in Figure 4.13. The experimental observations of the I-t curves can be summarized 
as: 1) a rapid increase in current density in zone 1, 2) a higher peak current density and 3) a 
rapid decrease in current density for PED deposited CIGS than DC deposition. When 
compared with the theoretical nucleation mechanism of the electrodeposition as discussed 
above, the I-t curve for PED deposited CIGS suggests the aspects such as increase in 
number of nuclei due to the increased current density and rapid growth and overlap of 
individual nuclei due to the rapid decrease in current density. It is well-known that PED 
method possesses a relaxation time. The presence of this relaxation time removes the double 
layer after every pulse which leads to the easier availability of ions in the electrolyte. In 
addition, the rearrangement of ad-atoms takes place during the relaxation time thereby 
providing the possibility for new nucleation sites. The number of nuclei is then expected to 
increase with the increased off-time. However, the possibility of these expectations can be 
appreciated by the experimental investigation of the nucleation process for DC and PED 
deposited CIGS films; which is discussed in the following sections.  
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Figure 4.16: Current vs. time curves observed during electrodeposition of DC and PED 
deposition of CIGS 
 
4.3.4 Growth mechanism of DC and PED deposited CIGS films 
The growth mechanism of the deposited films depends on the initial stages of nucleation as 
demonstrated above. Hence, in the present study, the deposition of CIGS films is carried out 
in the range of ms to observe the basic difference in the features of the deposit to explore the 
possible nucleation mechanism. This is essentially due to the fact that the pulse on-time and 
pulse off-time are varied in „ms‟ range while optimizing the parameters. It can be noted 
from the optimized studies for PED deposited CIGS films, the duty cycle of 50 % 
(corresponds to an on-time and off-time of 10 ms) has resulted in chalcopyrite compact 
CIGS thin-films. In this regard, preliminarily deposition experiments are performed by 
increasing the off-time from 1 to 10 ms while fixing an on-time of 10 ms. Deposition is 
performed only for 5 cycles i. e. for a deposition time of 50 to 100 ms; to explore the 
nucleation mechanism with varied off-time.  
 
SEM images of PED deposited CIGS films with varied off-time (1 to 10 ms) are shown in 
Figure 4.17. It can be observed that with increase in off-time from 1 to 10 ms shows an 
increase in number of particles from Figure 4.17a to d. The particles, here, can be 
considered as nuclei since they correspond to the initial stages of nucleation. Hence, it can 
be concluded that the number of nuclei has increased with an increased off-time until 10 ms. 
However, an important point to be noted that there is no growth of the nuclei since the 
deposition time (number of pulses) is constant for all the cases. During the nucleation 
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studies, off-time is not increased beyond 10 ms because it is the optimized parameter during 
the PED deposition of stoichiometric CIGS films.  
 
 
Figure 4.17: SEM images of PED deposited CIGS films with at a pulse off-time of a) 1, b) 2, c) 5 
and d) 10 ms, respectively.  Depositions are performed for 5 pulses. 
 
The optimized condition is further used to deposit CIGS films using PED technique by 
increasing the number of cycles i.e. deposition time. SEM images of PED deposited CIGS 
films with increased deposition time from 20 to 200 ms are shown in Figure 4.18. It can be 
clearly observed from Figure 4.18 that the number of nucleation sites is increased with an 
increased deposition time from 20 to 200 ms. In addition, unlike the previous case; growth 
of the nuclei also took place simultaneously. The increased number of nuclei and their 
independent growth with increased deposition time essentially reflects the behavior of 
progressive nucleation mechanism, as discussed in the previous section. However, the 
confirmation requires an independent analysis of the amperometric I-t curve and fitting it 
using the equation 4.5. The relevant I-t curves, their simulated curves and discussion 
pertaining to the PN for PED deposited films are done later in this section.  
 
 
Figure 4.18: SEM images of PED deposited CIGS films for a deposition time of a) 20, b) 100 
and c) 200ms, respectively. No. of cycles equivalent is a) 1, b) 5 and c) 10.   
 
To compare the mechanism between the PED deposited and DC deposited CIGS films, the 
deposition of CIGS films is carried out using DC method for the same deposition time as 
employed for PED method. Figure 4.19a, b and c show the SEM images of DC deposited 
CIGS films for the deposition time of 20, 100 and 200 ms, respectively. It can be observed 
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from the images that the nuclei formed at a deposition time of 20 ms are almost the same for 
the films deposited for a deposition time of 200 ms. However, an independent growth of the 
existing nuclei took place with increased deposition time. This phenomenon seems to be in 
consistent with the instantaneous nucleation mechanism, as explained above. The 
supporting I-t curves and their simulations are explained later in this section.   
 
 
Figure 4.19: SEM images of DC deposited CIGS films for a deposition time of a) 20, b) 100, and 
c) 200 ms, respectively. 
 
Finally, the deposition of CIGS films is performed for a deposition time of 3 s to study the 
surface coverage of the deposit on the substrate. Figure 4.20a and b show the SEM images 
of CIGS films deposited using DC and PED methods, respectively. It can be observed that 
the growth of the films for PED method is uniform showing the homogeneous coverage of 
the entire surface. On the other hand, the deposition in case of DC method is observed to be 
non-uniform and the complete coverage of the surface also does not occur while a rapid 
coverage of the substrate surface during the PED confirms the progressive nucleation of the 
CIGS films.  
     
 
Figure 4.20: SEM images of a) DC and b) PED deposited CIGS films for a deposition time of 3 
s. 
 
4.3.5 Simulated and experimental models of DC and PED deposited CIGS films 
To further ascertain the nucleation mechanism of DC and PED deposited CIGS films, the 
experimental I-t curves are theoretically fitted using the simulated models of instantaneous 
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and progressive nucleation mechanism using equations 4.4 and 4.5. The dimensionless 
experimental and simulated I-t curves are shown in Figure 4.21. As it can be observed from 
the figure, the experimental dimensionless I-t curve for DC deposited CIGS films fits the 
instantaneous nucleation model whereas the curves of PED deposited CIGS films fits the 
progressive nucleation model. Therefore, it can be clearly concluded from the experimental 
and theoretical investigations that the DC method follows an instantaneous nucleation and 
PED method follows progressive nucleation thereby leading to a uniform and compact 
deposit for PED deposited CIGS films.  
 
 
Figure 4.21: The dimensionless experimental and simulated current vs. time curves of DC and 
PED deposited CIGS films 
 
4.4 Conclusions 
Chalcopyrite CIGS thin-films are deposited PED deposition technique in an additive free 
electrolyte by avoiding the additional step of selenization. For comparison, CIGS films are 
also deposited using DC deposited films. DC electrodeposited CIGS films are slightly 
copper rich which resulted in a deviated stoichiometry from the near-ideal one and observed 
to have porous morphology with surface roughness. In addition, the copper rich CIGS also 
contained undesired Cu2-xSe secondary phases as confirmed from XRD and Raman studies. 
However, parameters are successfully optimized for PED deposition to produce near-ideal 
stoichiometric single phase chalcopyrite structured CIGS films with the elimination of 
undesired secondary phases. In addition, a highly dense uniform morphology is observed for 
PED deposited CIGS films which ultimately resulted in superior properties. The 
characteristic of p-type semiconductor is observed in the both the DC and PED deposited 
CIGS thin-films, as confirmed from Mott-Schottky as well as PEC studies. Absorption 
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studies are carried out to determine the band gap of thin-films which are in agreement with 
the theoretical stoichiometric CIGS band gap. The flat-band potentials and acceptor 
densities are calculated for both CIGS films from Mott-Schottky analysis. A simplified PED 
deposition technique has been used by manipulating the parameters to not only achieve 
control over the composition of elements but also resulted in stoichiometric phase-pure 
chalcopyrite CIGS thin-films with compact morphology. The typical growth mechanism of 
CIGS films by DC and PED deposition methods is also investigated experimentally and 
theoretically. The results demonstrate that the PED deposited CIGS films follow a 
progressive nucleation mechanism wherein the rapid growth of nuclei with an additional 
increase in number of nuclei take place with the deposition time leading to a uniform and 
compact CIGS films. The DC deposited films follow an instantaneous nucleation 
mechanism wherein non-uniform growth of active nuclei takes place without any increase in 
the nuclei number density. Further, the PED method used herein has utilized higher 
precursor concentration of In to achieve desired In content in the CIGS films, which is still a 
serious concern considering the scarcity of In in addition to its frequent usage in materials 
for electronic applications. Hence, minimization of In precursor is still a vital concern to be 
considered prior to the commercialization of the pulse electrodeposition approach for the 
fabrication of CIGS thin-films.  
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Chapter 5 
 
Sequential pulse electrodeposition of 
Cu(In,Ga)Se2 
   
It is of general interest to perform the electrodeposition of CIS/CIGS thin-films using a 
single step approach, as explored in previous chapters. However, the deposition of Ga and 
In is relatively difficult due to their more negative reduction potentials compared to Cu and 
Se. The required amount of In (≈ 18 at. %) for the formation of stoichiometric CIGS 
(theoretically, CuIn0.7Ga0.3Se2) is greater than that of Ga (≈ 7 at. %). In addition, it has been 
observed that the In content decreases with increase in pulse off-time during the PED of 
CIGS thin-films as discussed in the previous chapter. These difficulties concerned to 
deposition of desired amount of In led the researchers to often focus on the optimization of 
In content in achieving the stoichiometric CIGS films. On the process, often high 
concentration of In precursor and/or use of complexing agents and/or deposition of In-Se on 
CIGS as a subsequent step have been used to achieve desired content of In in order to obtain 
stoichiometric CIGS thin-films [156, 161]. The use of high In precursor concentration is not 
a viable option due to its scarcity. In this context, the abundance of Cu, In, Ga and Se in 
earth‟s crust is shown in Figure 5.1. It can be observed that In and Se are least abundant 
elements among Cu, In, Ga and Se. In addition, the usage of In in the growing electronic 
and optoelectronic industries is very high in the form of materials such as indium doped tin 
oxide (ITO), CIS, CIGS, InP, InN, InGaAs, InAlAs, etc. making it one of the most scarce 
elements in the near future. Hence, it would be meaningful to use the In precursor as 
minimum as possible and explore other possibilities such as deposition of In in a separate 
step or use of complexing agents. In this context, it is also relevant to mention that the 
deposition of In-Se on CIGS in the second stage by Bhattacharya et al. not only improved 
the stoichiometry but also resulted in chalcopyrite CIGS films without any surface dispersed 
Cu-Se phase.     
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Figure 5.1: Elemental abundance of Cu, In, Ga and Se in earth's crust 
 
In appreciation of the above, the present chapter proposes the fabrication of CIGS thin-films 
by employing a sequential pulse electrodeposition. The preliminary studies are performed 
based on the optimized parameters obtained in single stage PED of CIGS thin-films. 
However, further optimization of parameters in a sequential approach is required and is 
presented in the second part of this chapter. In the present chapter, the first approach is 
named as a two-stage PED and the second one as optimized sequential PED to distinguish 
the two approaches.  
 
5.1 Two-stage deposited CIGS films 
The preliminary deposition of CIGS thin-films using a two-stage approach is performed 
using the conditions that are adopted from PED electrodeposition of CIGS deposited for 15 
min, discussed in the section 4.2. Electrodeposition of Cu-Ga-Se is carried out using a bath 
containing CuCl2 (3 mM), GaCl3 (8.5 mM), H2SeO3 (8.5 mM) and LiCl (250 mM) dissolved 
in Hydrion buffer (pH 3), followed by In deposition in the second stage using InCl3 (2 mM) 
in Hydrion buffer. A pulse period of 20 ms, duty cycle of 50% and deposition potential of -
1.5 V are used in for the deposition of both Cu-Ga-Se and In. The depositions of Cu-Ga-Se 
and In are carried out for 15 min and 8 min respectively. The electrodeposited CGS/In films 
are annealed at 550 °C for 30 min under Ar atmosphere to form the chalcopyrite CIGS films 
by the inter-diffusion of In into Cu-Ga-Se.  
 
5.1.1 Compositional analysis of two-stage PED deposited CIGS thin-films  
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The elemental composition of individual elements of as-deposited and annealed two-stage 
CIGS thin-films, as obtained from energy dispersive spectroscopy (EDS), are shown in 
Table 5.1. The stoichiometry of the annealed CIGS films is determined to be 
Cu0.96In0.73Ga0.27Se2.04. It may be noted that the stoichiometry is close to the preferred near-
ideal stoichiometry (CuIn0.7Ga0.3Se2). While development of a single-stage electrodeposition 
process to fabricate CIGS thin-films with near-ideal stoichiometry can be interesting, prior 
efforts using a DC current have often led to formation of undesired Cu-Se phases on the 
surface, which are detrimental to the performance of the device [161]. Use of complexing 
agents in the electrolyte during deposition and/or etching of the CIGS film using KCN are 
commonly practiced in order to remove excess Cu and, hence, the secondary Cu-Se phases, 
as previously discussed. However, these can lead to presence of impurities in the films and 
increased film roughness, which adversely influence the performance. Therefore, it is 
preferable to deposit an In-layer at the surface followed by annealing. In addition, co-
deposition of Cu-In-Ga-Se with required stoichiometry is difficult due to the large variation 
in their deposition potentials, whereas two-stage deposition makes it relatively easier to 
achieve the required composition of elements. In a similar attempt, Bhattacharya et al. have 
reported three-stage (CIGS/Cu/In) direct-current (DC) electrodeposition of crack-free dense 
CIGS thin-films with lower Ga content, attributable to subsequent deposition of Cu and In 
layers and loss of material during annealing [73]. In the present work, suitable use of 
optimized parameter (from single-stage PED electrodeposition) in the first stage followed 
by deposition of In in the second stage, aided the formation of stoichiometric CIGS films. 
 
Table 5.1: Elemental composition of two-stage deposited CIGS thin-film before and after 
annealing 
Element 
Composition (at. %) 
As-deposited Annealed 
Cu 22.31 24.00 
In 17.39 18.25 
Ga 5.49 6.75 
Se 54.81 51.00 
 
5.1.2 Morphology of two-stage PED deposited annealed CIGS thin-films  
Figure 5.2 shows the morphology of annealed CIGS thin-films. As it can be seen, though 
the morphology is dense but the surface of the films is relatively rough. Pulse current (PED) 
electrodeposition produces a relatively more homogeneous surface as the rate-determining 
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step is controlled by mass-transfer process. Pulse off-time during deposition allows the 
diffusion of ad-atoms and facilitates the formation of new nucleation sites, thereby expected 
to yield a homogeneous and compact structure. A compact morphology is often desirable 
for the photovoltaic absorber layer since it leads to lower resistance and faster minority 
carrier diffusion, which ultimately serves to improve cell performance. However, the 
surface roughness of the films in the present case, could be due to the rapid deposition rate 
in the first stage at a deposition voltage of -1.5 V, may not be appropriate for solar 
applications.  
 
 
Figure 5.2: SEM image of an annealed two-stage PED electrodeposited CIGS thin-film 
 
5.1.3 Phase constitution of two-stage PED deposited annealed CIGS thin-films  
Phase constitution of annealed two-stage deposited CIGS thin-films is examined by X-ray 
diffraction and Raman spectroscopy. Figure 5.3a shows the XRD pattern of annealed CIGS 
thin-films prepared by two-stage PED electrodeposition. The pattern reveals a preferred 
orientation corresponding to (112) of CIGS, other peaks corresponding to (220), (312) and 
(424) (JCPDS: 35-1102), confirming the presence of crystalline chalcopyrite CIGS phase. In 
addition, peaks representing MoSe2 (JCPDS: 29-0914) and Mo substrate (JCPDS: 42-1120) 
are also observed. Wada et al. have reported that formation of a thin layer of MoSe2 at 
temperatures higher than 500 °C enhances adhesion and improves the ohmic contact 
between Mo and CIGS. It is also interesting to note that no peaks corresponding to the 
undesired Cu-Se phases are observed. Figure 5.3b shows the Raman spectrum of the 
annealed CIGS films. The spectrum of annealed CIGS thin films has well-defined peaks of 
CIGS A1 mode and B2/E mode at wave numbers of 176 and 215 cm
-1. The undesired Cu2-
xSe phase is absent in the annealed samples confirming the formation of single phase 
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chalcopyrite CIGS thin-films, which also corroborates the XRD results. In addition, a mode 
corresponding to MoSe2 is also observed at 241 cm
-1 in the annealed CIGS thin-films. 
Appropriate use of pulse parameters during deposition of Cu-Ga-Se in the first stage and In 
in the second stage, combined with the annealing conditions chosen, plausibly facilitated 
control over the overall composition and resulted in stoichiometric CIGS thin-films.  
 
 
Figure 5.3: : a) XRD pattern and b) Raman spectrum of annealed two-stage PED 
electrodeposited CIGS thin-films 
 
5.1.4 Band gap of two-stage PED deposited annealed CIGS thin-films  
The band gap of the annealed two-stage deposited CIGS thin-films is determined using UV-
Vis-NIR diffuse reflectance spectroscopy. Figure 5.4 shows the (αhν)2 vs. hν plot of 
annealed two-stage deposited CIGS thin-films. Extrapolation of the linear section of the plot 
yields a bandgap of 1.27 eV, which compares well with the desired value as reported earlier.   
 
 
Figure 5.4: (αhν)2 vs. hν plot of annealed two-stage PED electrodeposited CIGS thin-films 
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5.1.5 Photoelectrochemistry of two-stage PED deposited annealed CIGS thin-films  
The photoelectrochemical performance of two-stage deposited annealed CIGS thin-films is 
investigated in 0.5 M Na2SO4. Current vs. potential curves are obtained in the potential 
range of 0 to -0.7 V vs. SCE at a sweep rate of 10 mV/s. Figure 5.5 shows the I-V curves in 
dark and under AM 1.5G solar simulated light for the CIGS films. I-V curve of one-stage 
PED electrodeposited CIGS films is also included for comparison. An increase in cathodic 
photocurrent, characteristic of a p-type semiconductor, is observed with increase in cathodic 
potential. This behavior can be attributed to incomplete photonic conversion, which causes a 
recombination of charge carriers at the grain boundary of the semiconductor. A photocurrent 
density of ≈ 0.2 mA/cm2 at a potential of -0.6 V vs. SCE is observed. It is pertinent to note 
that significant reduction in the dark current and a considerable improvement in the 
photocurrent are observed compared to single-stage electrodeposited CIGS films discussed 
in the previous chapter, which yielded a photocurrent of ≈ 0.089 mA/cm2 at a potential of -
0.6 V vs. SCE . The near-ideal stoichiometry and dense morphology achieved by the two-
stage electrodeposition process, combined with complete elimination of the undesirable Cu-
Se phase, could have resulted in the reduction of dark current and improved photocurrent. It 
is important to note that Cu-Se is present in the CIGS films deposited by DC deposition and, 
being a degenerate semiconductor, is highly conductive. Consequently, its ability to sit at 
grain boundaries and/or at the surface of the film facilitates electron flow without any 
resistance even in the absence of light thereby contributing to high dark currents. 
 
 
Figure 5.5: Photoelectrochemical response of annealed one-stage and two-stage PED 
electrodeposited CIGS thin-films 
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The above discussed approach has employed a two-stage method to obtain stoichiometric 
CIGS films and also satisfies the use of lower In precursor concentration as intended at the 
beginning of the chapter. However, the resulting morphology of the CIGS films is rough 
and porous which ultimately yielded lower photocurrent density. The morphology is still a 
serious concern as it plays a crucial role in the performance of the absorber layer. Hence, to 
improve the quality of the films, the approach is further systematically optimized to 
fabricate chalcopyrite CIGS thin-films. 
 
Optimization of the two-stage PED electrodeposition is performed as follows: 
1. Deposition of Cu-Ga-Se films in first stage wherein optimization of deposition voltage 
has been performed to achieve the necessary Cu, Ga and Se contents as desired for 
stoichiometric CIGS thin-films. 
2. Fabrication of chalcopyrite CIGS thin-films by the deposition of In on Cu-Ga-Se films 
deposited in stage – I and annealing of the CGS/In films followed by their 
comprehensive characterization. 
Schematic representation of the procedure adopted for the sequential pulse current 
electrodeposition of CIGS thin-films is shown in Figure 5.6. The applied pulse sequence and 
the corresponding current density during deposition are similar to that of PED 
electrodeposition of CIS/CIGS films, as shown in Figure 3.2.  
 
 
Figure 5.6: Schematic representation of the procedure adopted for CIGS thin-films deposition 
  
5.2 Deposition of Cu-Ga-Se films – optimization of applied voltage 
Electrodeposition of Cu-Ga-Se is carried out using CuCl2 (3 mM), GaCl3 (6 mM), H2SeO3 
(8.5 mM) and LiCl (250 mM) dissolved in Hydrion buffer (pH 3). The final pH of the 
solution is maintained between 2.15 and 2.35 using HCl. The deposition voltage is 
optimized while keeping a constant duty cycle of 50 % and a deposition time of 30 min. 
 
5.2.1 Compositional analysis of Cu-Ga-Se thin-films  
113 
The elemental composition of Cu-Ga-Se films prepared at different deposition voltages, as 
determined from energy dispersive X-ray spectroscopy, is shown in Figure 5.7. The amount 
of Ga is noted to increase from ≈ 3 to 6.8 at.% with the change in deposition voltage from -
1.0 to -1.2 V. An increased negative voltage is expected to increase the Ga content since Ga 
has more negative reduction potential, as discussed in section 1.10. In addition, the use of 
two-electrode system has witnessed the requirement of higher deposition voltages than that 
required for a three-electrode system, as demonstrated in section 4.1.1. Hence, increase in 
Ga content is attributed to the increased deposition voltage to -1.2 V. Further change in 
deposition voltage to -1.5 V, however, leads to a decrease in the amount of Ga to ≈ 4 at.%. 
The pulse deposition voltage applied for the deposition and the corresponding current 
density during the deposition are shown Figure 3.2, respectively. It can be observed that 
there is a positive current density during the pulse off-time even without the application of 
any voltage. Such an unintended positive current density might oxidize the elements with 
least electronegativity from the deposited film leading to the dissolution of corresponding 
element into the electrolyte. In the present case, at the deposition voltage of -1.5 V, the 
magnitude of the positive current density during the pulse off-time might be sufficient to 
oxidize Ga, since it has the lowest electronegativity among the three elements. This could 
possibly be the reason for the lower Ga content at -1.5 V. A similar phenomenon has also 
been reported during pulse electrodeposition of CIS and CIGS thin-films [156, 167] and 
also observed during the PED electrodeposition of CIGS in the previous chapter. 
Considering that lower Ga content is required for obtaining stoichiometric CIGS, it is easier 
to optimize the Cu-Ga-Se films at a relatively lower voltage. As it can be seen from Figure 
5.7, a deposition voltage of -1.2 V yields nearly ideal Ga content required ultimately for the 
formation of stoichiometric CIGS thin-films. 
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Figure 5.7: Variation in composition of individual elements in as-deposited Cu-Ga-Se films with 
varied deposition voltage 
 
5.2.2 Morphological and profilometry studies of Cu-Ga-Se thin-films  
The surface morphology of Cu-Ga-Se films deposited at different voltages is shown in 
Figure 5.8. Although the films deposited at -1.0 V show a uniform morphology, increasing 
the voltage to -1.2 V leads to a smoother and denser morphology (Figure 5.8b). It is 
plausible that selective dissolution of surface asperities due to relatively higher 
electrochemical activity leads to the smooth and compact morphology in films deposited at -
1.2 V, which is desirable for uniform deposition of In in the second step. However, the films 
deposited at a further more negative voltage of -1.5 V are rough and porous compared to the 
other films. This could be attributed to the rapid deposition rate at more negative deposition 
voltage, as well as to the previously mentioned dissolution of Ga. Besides the morphological 
characterization, roughness measurements are also carried out using the profilometry. The 
average surface roughness (Ra) values are 60, 20 and 90 nm, for samples deposited at -1, -
1.2 and -1.5 V, respectively. These values clearly demonstrate the fact that films deposited 
at -1.2 V (Figure 5.8b) are smoothest which further corroborates the morphological studies.  
 
 
Figure 5.8: SEM images of as deposited Cu-Ga-Se films at a voltage of a) -1.0, b) -1.2, and c) -
1.5 V 
115 
 
5.2.3 Micro-Raman spectra of Cu-Ga-Se thin-films  
The CIGS films are characterized using micro-Raman spectra for phase analysis before 
annealing to identify the phases formed during the first deposition step. The specific 
purpose of the high-resolution micro-Raman studies is also to ascertain the vibrational 
modes of individual phases and detect any surface dispersed microcrystallites of Cu2-xSe, as 
detection of phases like CIS, CGS, CIGS, Cu2-xSe is difficult by XRD due to the negligible 
variation in 2θ values for the dominant (112) orientation of each phase, as shown in Table 
4.4. Figure 5.9a shows the micro-Raman spectra of Cu-Ga-Se films deposited at various 
voltages. Three peaks corresponding to A1 and E1 modes of CuGaSe2 (CGS) and A1 mode 
of Cu2-xSe noted at approximately 187, 239 and 260 cm
-1, respectively, are of interest [181]. 
In addition, the broader peak observed at 510 cm-1 is attributed to the second harmonic of 
the A1 mode of Cu2-xSe. As can be seen from the Figure 5.9a, the peak intensities of the E1 
mode of CGS and A1 mode of Cu2-xSe vary with the deposition voltage. Cu2-xSe is an 
undesired secondary phase and, being a degenerate semiconductor, it contributes to higher 
dark current [61]. In addition, Cu2-xSe is also stable along with CIGS at the annealing 
temperature (550 °C) used to improve the crystallinity of CIGS phase and is expected to be 
present in minimal amounts even after annealing [24, 62, 113, 120]. Hence, reduction of this 
undesired secondary phase in as-deposited films is essential to improve the quality of CIGS 
thin-films which can affect the ultimate device performance. Consequently, presence of 
higher CGS and lower Cu2-xSe is preferable in the as-deposited film. The ratios of E1 mode 
of CGS and A1 mode of Cu2-xSe, as obtained from Raman spectra, are shown in Figure 5.9b, 
for Cu-Ga-Se films deposited at -1.0, -1.2 and -1.5 V, respectively. As the highest ratio of 
0.50 corresponding to the maximum amount of CGS phase is obtained at a deposition 
voltage of -1.2 V, this value is deemed optimum for codeposition of Cu-Ga-Se films in the 
first stage. 
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Figure 5.9: a) Raman spectra of as deposited Cu-Ga-Se films at various voltages and b) ratio of 
CGS to Cu2-xSe intensities from Raman spectra 
 
5.3 Fabrication of CIGS thin-films 
As mentioned earlier, deposition of In is subsequently carried out at -1.5 V for 10 min on 
Cu-Ga-Se films deposited using different voltages in stage – I. A low concentration of In 
precursor (2 mM) is used to achieve the desired amount of In since the deposition is 
performed in a separate step. The CGS/In films are annealed at 550 °C under Ar atmosphere 
to form the CIGS by intermixing of the two layers.  
 
5.3.1 Elemental composition of sequentially deposited annealed CIGS thin-films  
The elemental composition of annealed films, as well as the relevant compositional ratios 
Cu/(In+Ga) and Ga/(In+Ga) in the films are depicted in Figure 5.10. It is deemed 
informative to plot the above as a function of the deposition voltage applied during stage – I 
because, although In is deposited in a subsequent step, the composition of the Cu-Ga-Se 
films achieved after stage – I plays a key role in determining the eventual stoichiometry of 
the annealed CIGS films. This is primarily because, in the tetragonal chalcopyrite structure 
of CIGS, the Ga and In atoms compete for identical lattice sites [140, 181]. Consequently, 
the uptake of In during stage – II is influenced by the Ga content in Cu-Ga-Se films after 
stage – I as clearly revealed in Figure 5.10. The composition of Cu and Se in the annealed 
sequentially deposited CIGS films does not vary substantially with change in deposition 
voltage during Stage – I. The Cu and Se content are also found to be close to the ideal 
values required for formation of stoichiometric CIGS films. In contrast, considerable 
variation is observed in the Ga and In content in the annealed CIGS thin-films depending on 
the deposition voltage applied during Cu-Ga-Se deposition in stage – I. When the amount of 
Ga is relatively lower at stage – I deposition voltages of -1.0 V and -1.5 V, the In content 
correspondingly increases. However, at -1.2 V, the Ga and In are present in near-ideal 
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quantities to form stoichiometric CIGS. At  the stage – I deposition voltage of -1.2 V, the 
Cu/(In+Ga) and Ga/(In+Ga) ratios are observed to be 0.97 and 0.27, respectively, for 
annealed CIGS films, which are close to the desirable values for high efficient CIGS thin-
films [30, 31, 143, 182]. The stoichiometries of the films, as obtained from EDS, are 
Cu0.97In0.90Ga0.10Se2.03, Cu0.97In0.73Ga0.27Se2.03 and Cu1.02In0.81Ga0.19Se1.98 at -1.0 V, -1.2 V and 
-1.5V, respectively, indicating the near-ideal stoichiometry in the films deposited at -1.2 V. 
 
 
Figure 5.10: Elemental composition and b) Cu/(In+Ga) and Ga/(In+Ga) ratios in sequentially 
deposited and annealed CIGS thin-films with variation in deposition voltage applied during 
stage – I 
  
5.3.2 Morphology of sequentially deposited annealed CIGS thin-films  
Figure 5.11 shows the morphology of sequential deposited and annealed CIGS thin-films for 
various deposition voltages employed during stage – I. As can be seen, a rough surface 
morphology is observed for films deposited at -1.0 and -1.5 V. The films deposited at -1.2 V 
are noted to have a smooth and compact morphology (Figure 5.11b). Such a dense 
morphology is well-suited for application as solar absorber layers, since it facilitates easier 
diffusion of minority charge carriers and reduces recombination, which ultimately yields 
improved cell performance [71, 175]. Additionally, the surface roughness measurements by 
profilometry yielded the Ra values as 90, 30 and 130 nm, for the films deposited at -1.0, -1.2 
and -1.5 V, respectively, also support the observed SEM results. 
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Figure 5.11: Morphology of annealed CIGS thin-films deposited at a voltage of a) -1.0 V, b) -1.2 
V and c) -1.5 V in stage – I 
 
5.3.3 XRD patterns of sequentially deposited annealed CIGS thin-films 
Figure 5.12 shows the X-ray diffraction patterns of sequential deposited and annealed CIGS 
thin-films at various deposition voltages used in stage – I. The XRD patterns in each case 
are observed to have a preferred orientation corresponding to (112) of CIGS, with the 
presence of other peaks corresponding to (220), (312) and (424) (JCPDS: 35-1102) 
confirming the presence of crystalline chalcopyrite CIGS phase. In addition, a peak 
corresponding to Mo from the substrate (JCPDS: 42-1120) is also observed. However, a 
closer inspection reveals a shift in the (112) orientation of CIGS to a lower 2θ value for the 
CIGS films deposited at -1.0 V (inset of Figure 5.12). It is well known that with decrease in 
the amount of Ga the (112) peak shifts to lower 2θ values as the incorporation Ga leads to a 
decrease in lattice parameter, as discussed previously. As evident from the EDS analysis, 
the film deposited at -1.0 V has a relatively lower Ga content and is expected to have a 
CIGS phase with larger lattice parameter. Also, the higher In content results in a secondary 
indium selenide (In2Se3) phase in the films deposited at -1.0 V. The XRD patterns of films 
deposited at -1.2 V and -1.5 V are, however, found to have well defined peaks 
corresponding to only ideal stoichiometric chalcopyrite CIGS. No considerable shift is 
observed for (112) orientation in the films deposited at -1.2 V and -1.5 V owing to a very 
minor variation in the Ga content. However, such a negligible difference is observed in 
Raman spectra as explained later. It can also be seen that the peak maximum height is 
observed in the case of CIGS deposited at -1.2 V in stage – I, affirming -1.2 V to be the 
optimized voltage. It is also interesting to note that no peaks corresponding to the undesired 
Cu-Se and In-Se phases are observed for the optimized case. 
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Figure 5.12: XRD pattern of annealed sequentially deposited CIGS thin-films at various 
voltages in stage I. Inset: Closer inspection of (112) orientation of CIGS thin-films 
 
5.3.4 Raman spectra of sequentially deposited annealed CIGS thin-films 
Figure 5.13a shows the Raman spectra of the sequential deposited and annealed CIGS films 
for various deposition voltages employed during stage – I. The spectra reveal peaks 
corresponding to A1 and B2/E modes of CIGS at wave numbers of 176, 215 and 232 cm
-1, 
respectively. In addition, a small peak observed at the wavenumber of 480 cm-1 can 
attributed to the presence of secondary In2Se3 phase for the films deposited at -1.0 V. Figure 
5.13b shows the shift of A1 mode of CIGS with deposition voltage. The A1 mode for CIGS 
films deposited at -1.0 V in stage – I, is observed at a lower Raman shift of 172 cm-1. This 
could be attributed to the lower Ga content observed in these films at -1.0 V. It is well 
reported that the A1 mode is observed at lower wavenumbers in the range of 171-173 cm
-1 
for CIGS films with very low Ga content, with the peak shifting to higher wavenumbers of 
176-178 cm-1 for stoichiometric CIGS thin-films and to 187 cm-1 for CuGaSe2. The CIGS 
films deposited at -1.5 V are also observed to have A1 mode at a lower Raman shift of 173 
cm-1. As it is evident from EDS, the Ga content is higher compared to films deposited at -1.0 
V and lower compared to films deposited at -1.2 V. The relatively lower Ga content is 
accountable for the shift of A1 mode to lower wavenumbers. However, the films deposited 
at -1.2 V exhibit a sharp peak at 176 cm-1 which corresponds to the stoichiometric CIGS A1 
mode and does not contain any CGS and Cu2-xSe phases which are observed prior to the 
second step of deposition, thereby confirming formation of a phase-pure chalcopyrite CIGS 
thin-film. As previously mentioned, elimination of the undesired Cu2-xSe secondary phase in 
the annealed films is extremely crucial, and  is successfully achieved in the present case by 
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the optimization of deposition voltage in the first stage followed by the deposition of In in 
the second stage. 
  
 
Figure 5.13: a) Raman spectra of annealed sequentially deposited CIGS thin-films at various 
voltages in stage I and b) a closer inspection of A1 mode 
 
5.4 Characterization of optimized CIGS thin-films 
The optimized stoichiometric annealed CIGS thin-films (stage – I deposited CGS at -1.2 V) 
are further characterized using XRF, HRTEM, FESEM, UV-Vis-NIR diffuse reflectance 
spectroscopy, electrochemical impedance spectroscopy and photoelectrochemical analysis.  
 
5.4.1 Compositional analysis of optimized CIGS thin-films by XRF 
The bulk composition and thickness of the optimized CIGS films has been determined by 
XRF spectroscopy and are shown in Table 5.2, which confirm the near ideal stoichiometry 
of the optimized sequential deposited and annealed CIGS thin-films and have a thickness of 
1.6 μm 
 
Table 5.2: Composition and thickness of optimized sequential deposited annealed CIGS films 
Composition (at. %) 
Stoichiometry 
Thickness 
(μm) Cu In Ga Se 
24.01 18.52 6.96 50.51 Cu0.96In0.74Ga0.28Se2.02 1.76 
 
5.4.2 Structural analysis of optimized CIGS thin-films by TEM 
Optimized sequential deposited annealed CIGS thin-films are further characterized using 
transmission electron microscopy. The specific use of TEM analysis for these samples is to 
check the inter-diffusion of In into Cu-Ga-Se films to ultimately yield CIGS thin-films. 
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SEM-EDS though detects the desired amount of In but it does not detect the In from a 
localized point or a specific particle. TEM can detect the elements locally and from separate 
particles too, which is necessary in the present case to check the inter-diffusion of In 
uniformly across the film. In this context, the transmission electron micrograph, the high 
resolution TEM image, selected area diffraction (SAD) pattern and TEM-EDS spectrum of 
CIGS particles are shown in Figure 5.14. The particles are not clearly distinguishable due to 
the fact that the samples are prepared by scraping the CIGS films from the substrate, as 
mentioned in section 2.3.5. Hence, analysis of the particle is not considered using TEM. 
Figure 5.14b shows the high resolution TEM image of CIGS thin-films, which reveals 
planes with an interplanar spacing of approximately 3.32 and 2.03 Å. These values are in 
good agreement with the theoretical values for the (112) and (220) orientations of CIGS, 
which corroborates the presence of polycrystalline chalcopyrite CIGS as observed from 
XRD analysis. The SAD pattern, in Figure 5.14c, shows the orientations corresponding to 
(112), (220), (312) and (400) of CIGS, which are in agreement with the previously 
discussed observation from XRD. TEM-EDS analysis is performed, as shown in Figure 
5.14d, reveals presence of Cu, In Ga and Se affirming the inter-diffusion of In (deposited in 
stage – II) during annealing leading to the formation of CIGS films. 
 
 
Figure 5.14: a) TEM image, b) HRTEM image, c) SAED and d) TEM-EDS of sequentially 
deposited CIGS. Red circle in image (a) indicates the position where EDS, SAED and HRTEM 
are performed 
 
5.4.3 Cross-section analysis of optimized CIGS thin-films by SEM 
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Figure 5.15 shows the cross-sectional SEM image of optimized sequentially deposited 
annealed CIGS thin-films. The cross-section of the film is highly compact, indicating the 
formation of dense CIGS thin-films. The thickness of the films is determined to be ≈ 1.8 
μm, which is desirable for high efficient CIGS devices. The sputtered Mo layer (200 nm) is 
also seen in the film. 
 
 
Figure 5.15: Cross-sectional SEM image of optimized sequentially deposited and annealed 
CIGS thin-film 
 
5.4.4 Optical studies of optimized CIGS thin-films 
Figure 5.16 shows (αhν)2 vs. hν plot of the annealed sequentially deposited CIGS thin-films. 
The bandgap of the CIGS thin-films is obtained to be ≈ 1.27 eV, determined by 
extrapolating the linear section of the (αhν)2 vs. hν plot to x-axis, which is close to the value 
for stoichiometric CIGS thin-films. 
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Figure 5.16: (αhν)2 vs. hν plot of optimized sequentially deposited and annealed CIGS thin-
films 
 
5.4.5 Mott-Schottky analysis of optimized CIGS thin-films 
Figure 5.17 shows the Mott-Schottky (1/C2 vs. V) plot of CIGS thin-films in 0.5M H2SO4 at 
a frequency of 10 kHz in the dark. The slope of the MS plots is negative, thereby confirming 
that the CIGS film is p-type. The flat band potential is found to be -0.15 V (vs. SCE) by 
extrapolating the linear section to x-axis. In addition, the acceptor density, Na ≈ 2.6 × 10
16 
cm-3, calculated using the slope of the curve. The flat-band potential and acceptor density 
values determined herein are close to the desirable values for stoichiometric CIGS films that 
have been reported previously [145]. 
 
 
Figure 5.17: Mott-Schottky (1/C
2
 vs. V) plot (recorded at 10 kHz in the dark) of optimized 
sequentially deposited and annealed CIGS thin-films 
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5.4.6 I-V characteristics of optimized CIGS thin-films by PEC 
Figure 5.18a shows dark and illuminated current density – voltage characteristics of the 
optimized annealed CIGS thin-films deposited by sequential PED electrodeposition, 
measured using a photoelectrochemical analyzer in 0.5 M H2SO4 with a sweep rate of 10 
mV/s. The nature of the J-V curve confirms the photo-activity of CIGS thin-films. In 
addition, it shows the increase in cathodic photocurrent with increased cathode potential, 
which is a characteristic of a semiconductor with p-type conductivity. A photocurrent 
density of ≈ 800 μA/cm2 at a potential of -0.4 V vs. SCE is observed. This represents a 
considerable improvement in photocurrent density compared to the value of ≈ 100 μA/cm2 
observed for single stage deposited CIGS thin-films, discussed previously in section 4.2.9. 
The crack-free dense morphology observed in the present optimized CIGS thin-films 
supports the easier diffusion of minority carriers and is responsible for the improved 
photoelectrochemical performance. It is also to be noted that the photocurrent increases 
gradually without attaining a saturated value. This behavior can be attributed to incomplete 
photonic conversion, which causes a recombination of charge carriers at the grain 
boundaries of the semiconductor. Figure 5.18b shows the amperometric current-time (I-t) 
curve of annealed sequential PED electrodeposited CIGS films obtained at -0.4 V by 
chopped light. It clearly demonstrates the photoactivity nature of CIGS films with a 
photocurrent density of ≈ 0.8 mA/cm2. The improved photoresponse of sequentially 
deposited and annealed CIGS films indicate their potential for application in thin-film solar 
cells. In addition, the photoelectrochemical performance of these films demonstrates their 
application for photoelectrochemical hydrogen generation. 
 
 
Figure 5.18: a) Photoelectrochemical I-V characteristics (under AM1.5G solar simulated light) 
and b) Amperometric I-t curve at -0.4 V of optimized sequentially deposited and annealed 
CIGS thin-films 
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5.5 Conclusions 
A novel sequential pulse current approach has been employed for the fabrication of CIGS 
thin-films to essentially minimize the In precursor concentration by simultaneously 
achieving desired In content. Deposition voltage has been optimized for the co-deposition of 
Cu-Ga-Se films in stage – I followed by deposition of In in the second stage. A convenient 
control over the composition of individual elements has been achieved by the suitable 
manipulation of process parameters. Characterization of annealed films using XRD and 
Raman analyses confirmed the formation of phase-pure stoichiometric chalcopyrite CIGS 
phase. CIGS films exhibited p-type conductivity as demonstrated from Mott-Schottky as 
well as PEC studies. Furthermore, a significantly improved photoresponse has been 
observed. This technique presents a simplified, economic and scalable method for 
fabrication of CIGS thin-films for solar cell applications.  
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Chapter 6 
 
Fabrication of Cu(In,Ga)Se2 nano-
flakes by pulse electrodeposition 
   
The minimization of the In precursor during the electrodeposition of CIGS has been 
discussed in the previous chapter due to the scarcity of In and its frequent usage in 
electronic and optoelectronic applications. In this context, it has been proposed that various 
possibilities such as deposition of In in second stage and/or use of complexing agents in the 
electrolyte during the electrodeposition of CIGS thin-films to improve the content of In. 
However, as discussed in section 1.11, one of the major implications of the present study is 
to avoid the use of complexing agents for the deposition of chalcopyrite CIGS thin-films. 
Supporting this key point, successful fabrication of stoichiometric chalcopyrite compact 
CIGS thin-films without any secondary phases by avoiding the use of complexing agents in 
the electrolyte has been demonstrated in previous chapters. Nevertheless, conventional 
direct current electrodeposition employing the three-electrode system has often used 
complexing agents in the electrolyte to improve the stoichiometry and morphology of the 
CIGS thin-films [154, 161]. In this context, use of complexing agents during the pulse 
electrodeposition of CIGS thin-films can still be a novel objective to fundamentally 
understand the role of complexing agent on the deposition of CIGS. Tri-sodium citrate has 
been the most explored complexing agent till date for the electrodeposition of CIGS thin-
films. Hence, this chapter focuses on the effect of tri-sodium citrate as complexing agent on 
the features of CIGS thin-films prepared by pulse electrodeposition. In addition, while 
optimizing the concentration of tri-sodium citrate for achieving desired composition of 
CIGS films nanostructured morphology of the deposit is observed for lower concentration 
of tri-sodium citrate. The condition is further investigated in detail. Therefore, the major 
aspects of this chapter are classified as follows: 
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1. Effect of concentration of tri-sodium citrate on the composition and morphology of 
CIGS thin-films 
2. Fabrication of novel hierarchical CIGS nano-flakes using a definite concentration of 
complexing agent 
 
6.1 Effect of tri-sodium citrate (TSC) on pulse electrodeposition of CIGS 
Pulse electrodeposition (PED) of CIGS has been carried out using CuCl2 (3 mM), InCl3 (2 
mM), GaCl3 (8.5 mM), H2SeO3 (6 mM) and LiCl (250 mM) in Hydrion buffer (pH 3). In 
addition, tri-sodium citrate (TSC) is used as complexing agent whose concentration has 
been varied from 40 mM to 120 mM. The pH of the final solution is maintained between 
2.15 to 2.35. PED deposition of CIGS thin-films is performed using the optimized pulse 
conditions as mentioned in chapter 4 with a deposition potential of -1.5 V. For the 
preliminary optimization of TSC concentration, a deposition time of 15 min has been 
employed. Later the time is increased to 30 min while the deposition is performed with 
optimized TSC concentration. Electrodeposited CIGS thin-films are annealed in Ar 
atmosphere for 30 min and are comprehensively characterized.  
 
6.1.1 Variation in composition of CIGS thin-films with varied TSC concentration  
Elemental composition of annealed PED deposited CIGS thin-films with varied tri-sodium 
citrate (TSC) concentration is shown in Figure 6.1a. It can be clearly seen that Cu content 
has significantly dropped with increase in TSC‟s concentration from 40 to 120 mM. On the 
other hand, In and Ga contents are noted to increase while Se content seems to be almost 
unaffected with the increase in TSC. It is generally known that the electrodeposition of In 
and Ga is difficult due to their more negative reduction potentials. However, in the present 
case, the contents of In and Ga are increased indicating their competing deposition rate with 
Cu when higher concentration of TSC is used in the electrolyte. This is an interesting 
finding and has been well reported that it could be due to the formation of complex with Cu 
that results in a shift in the reduction potentials of Cu, In and Ga. However, the phenomenon 
lacked a proper explanation for the behavior of TSC in the electrolyte.  
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Figure 6.1: a) Atomic composition of individual elements and b) Cu/(In+Ga) and Ga/(In+Ga) 
ratios of annealed PED deposited CIGS thin-films with varied concentration of tri-sodium 
citrate 
 
Considering the key point of complex formation into account, a previous study has proposed 
the possible mechanism of complexing agent role in the electrolyte as follows [183]: 
Consider Mz+ as the metal ions in the electrolyte and Xp- as the complexing agent that is 
externally added to the electrolyte. The possible chemical reaction between the metal ions 
and the complexing ions that leads to the complex formation is as follows: 
 
             
    
 
 
where q is the no. of moles of complexing agent that takes part in the reaction and z and p 
are the charges associated with the metal ions and complexing agent, respectively. 
 
Due to the above reaction the corresponding Nernst‟s equation of the metal ions involving 
their reduction potential gets transformed as mentioned below [183]: 
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where E is the shifted reduction potential due to the complex formation,     
  is the 
standard reduction potential of the metal ions,     
     is the activity of the complex 
product formed due to the above mentioned reaction,      is the activity of the complexing 
agent, R universal gas constant, T is the temperature, Z is the no. of electrons participated in 
the reaction and F is the Faraday‟s constant. It can be observed from the above equation that 
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the reduction of metal ions depends significantly on the activities of complexing agent and 
the resultant complex formed with metal ions. Hence, a shift in the reduction potential is 
often observed for the metal ions in the presence of a complexing agent. 
 
Based on the above mechanism, the possible reaction in the present study can be described 
as follows: Tri-sodium citrate forms a complex with Cu2+ ions as per the reactions 
mentioned below: 
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As a result the Nernst‟s equation describing the copper ions reduction gets transformed as 
follows: 
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where E is the shifted reduction potential,      
  is the standard reduction potential of Cu2+ 
vs. NHE, a represents the corresponding activities and the other symbols have their usual 
meaning as mentioned above. It clearly shows a shift in reduction potential of Cu to more 
negative values and the shift depends significantly on the concentration of the TSC in the 
electrolyte. For higher concentrations, more negative shift can be observed from the above 
equation. However, much higher concentration of the complexing agents in the electrolyte 
might not only lead to poor copper content but may also result in the dissolution of 
deposited films into the electrolyte leading to high surface roughness. This could be due to 
the fact that when the shift in reduction potential occurs, the oxidation potential of the 
corresponding element gets equivalently shifted to smaller values. In pulse 
electrodeposition, due to the unintended positive current density the elements now gets 
oxidized back into electrolyte leading to the dissolution of film. In addition, higher 
concentration might also increase the impurities in the deposited films. Hence, optimization 
of concentration of complexing agent is an important step while performing the 
electrodeposition of thin-films. The presence of TSC, however, has no effect on In and Ga 
since these elements do not form any complex with citrate ions [88, 184].      
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In the present case, the reduction potential of Cu shifts to more negative values resulting in a 
narrow variation in the reduction potentials of Cu, In and Ga. Hence, In and Ga also 
compete with the deposition of Cu, however, the competition further depends on the 
concentration of the tri-sodium citrate in the electrolyte. As seen from Figure 6.1a, the 
copper content decreases with an increase in TSC‟s concentration from 40 to 120 mM. With 
the increased TSC concentration, amount of In and Ga correspondingly increased. However, 
at much higher concentration of 120 mM of TSC, the copper content is much lower than the 
desired value for the formation of CIGS thin-films. For 100 mM TSC, the elements have 
approximately desired composition as required for stoichiometric CIGS. In addition, the 
corresponding Cu/(In+Ga) and Ga/(In+Ga) ratios are shown in Figure 6.1b. The ratios are 
observed to have near-ideal values of 1.2 and 0.27 for the TSC concentration of 100 mM. 
As previously mentioned, the deposition is carried out for 15 min while optimizing the 
TSC‟c concentration which will be further increased to 30 min. The composition and 
morphology of the films deposited with 100 mM of TSC for 30 min is discussed later.  
 
6.1.2 Morphology of annealed CIGS thin-films with varied TSC concentration  
The variation in morphology of annealed PED deposited CIGS thin-films with various 
concentrations of TSC, is shown in Figure 6.2. As it can be observed from the figure that 
flower like particles are observed for the lower concentration of TSC (40 to 60 mM). 
However, these particles form into a compact film upon increasing the concentration of TSC 
to 100 mM leading to a relatively smoother morphology of the CIGS films. Further increase 
in the concentration of TSC to 120 mM, however, shows a rough morphology. The effect of 
the complexing agent which leads to different morphologies of electrodeposited thin-films is 
discussed below.  
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Figure 6.2: Surface morphology of annealed PED deposited CIGS thin-films with varied 
concentration of tri-sodium citrate 
The kinetics of electrodeposition and the growth of the deposit are, in general, affected by 
the complexing agents in the following ways:  
1. Complexing agents involve in the chemical/electrochemical reactions in the electrolyte 
(at cathode or anode). 
2. Complexing agents or their resulting products (of above mentioned chemical reaction) 
act as additives due to their adsorption at the surface of the cathode. 
The chemical/electrochemical reactions of the complexing agents often affect the kinetics of 
electrodeposition which in turn results in the variable composition of the deposit, as 
discussed in the previous section. The adsorption of complexing agents or their products 
affect the growth of the resulting deposit. There are two basic ways of adsorption, namely, 
the chemisorption (chemical adsorption) and physisorption (physical adsorption). In 
chemisorption, the chemical attractive forces of adsorption act between the surface and the 
adsorbate (usually chemical bonds). There is a chemical combination between the substrate 
and the adsorbate where electrons are shared and/or transferred leading to the formation of 
new electronic configurations. In physisorption, the physical forces of adsorption such as 
Vander Waals or electrostatic forces act between the surface and the adsorbate (no electron 
transfer/sharing). The additives adsorbed by either of these ways affect the growth of the 
deposit essentially by influencing the concentration of ad-ions/ad-atoms on the surface, the 
diffusion coefficient and the activation energy of the surface diffusion of ad-ions/ad-atoms. 
This in turn influences the growth sites on the surface of the cathode. In the presence of an 
additive, the mean free path for lateral diffusion of ad-ions/ad-atoms is diminished which in 
turn decreases the diffusivity of ad-ions/ad-atoms. The decreased diffusivity results in an 
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increase in the concentration of ad-ions/ad-atoms at steady state and thus promotes the two-
dimensional nucleation between diffusing ad-ions/ad-atoms. In addition, their preferential 
adsorption at the high point (peaks of the deposit) inhibits (slows down) the deposition at 
these points. Due to these aspects, the deposition happens in a well-controlled manner often 
leading the smooth and compact morphology. However, the smoothness and compactness 
vary with the variation in concentration of the complexing agents. Very high concentration 
of complexing agents is also not preferable due to the increased impurity content and also 
results in disruption and dissolution of the deposit into the electrolyte, as previously 
discussed [75].  
 
In the present case a smooth and compact morphology is observed for the CIGS films 
deposited using a concentration of 100 mM, which is deemed optimum. However, the CIGS 
films deposited with high concentration of TSC (120 mM) resulted in poor composition and 
morphology. In addition, the disruption and dissolution of these films is observed in the 
electrolyte and while washing with DI water post the deposition which indicates the poor 
adhesion of the films to the substrate. Hence, these films are not considered for further 
characterization. 
 
Deposition of CIGS films with 100 mM of TSC for 30 min: 
As previously mentioned, the optimized TSC concentration (100 mM) is used to deposit the 
CIGS thin-films for a deposition time of 30 min. The pulse conditions and deposition 
voltage are the same as used for the deposition of CIGS thin-films for 15 min. The 
composition of individual elements and corresponding ratios Cu/(In+Ga) and Ga/(In+Ga) 
for the annealed CIGS films deposited with 100 mM TSC for a deposition time of 15 and 
min, are shown in Table 6.1. As it can be seen the composition of the individual elements, 
the contents of In and Ga increased and the corresponding Cu and Se contents decreased 
relatively. This could be due to the fact that Cu gets deposited first and as the time increases 
the deposition of In and Ga increase which also results in a relatively lower Cu content. The 
films deposited for 30 min have near-ideal stoichiometry and desired values of 0.94 and 
0.28 for Cu/(In+Ga) and Ga/(In+Ga), as shown in Table 6.1. Depositions are also performed 
for intermediate time duration (20 and 25 min), however, 30 min deposition time only 
yielded in a compact morphological stoichiometric CIGS films. Hence, the studies 
pertaining to intermediate time duration are not discussed. 
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Table 6.1: Composition and Cu/(In+Ga) and Ga/(In+Ga) ratios of CIGS thin-films deposited 
using 100 mM TSC for a time of 15 min and 30 min 
Deposition 
time (min) 
Composition (at. %)   
     
 
  
     
 Stoichiometry 
Cu In Ga Se 
15 26.86 15.62 5.94 51.58 1.24 0.27 Cu0.95In0.70Ga0.26Se2.07 
30 23.79 18.37 7.02 50.82 0.94 0.28 Cu0.95In0.73Ga0.28Se2.03 
 
The SEM image of the annealed PED deposited CIGS thin-films with 100 mM TSC for 30 
min is shown in Figure 6.3. It shows a dense and compact morphology and also contained 
spherical particles with an average size ≈ 1 – 2 μm. Such dense morphology with coarser 
particles is expected to be particularly advantageous in solar absorber layer applications as 
they offer minimum resistance to minority carrier diffusion and reduces the detrimental 
recombination which ultimately improves the cell performance. 
        
 
Figure 6.3: SEM image of annealed PED deposited CIGS films with 100 mM tri-sodium citrate 
for a time of 30 min 
 
6.1.3 XRD analysis of annealed CIGS thin-films with varied TSC concentration  
Figure 6.4a shows the X-ray diffraction patterns of annealed CIGS thin-films deposited by 
PED with varied concentration of TSC (40 – 100 mM). In addition, the film deposited with 
optimized TSC concentration for 30 min is also included in Figure 6.4a. The patterns, in 
common, have a preferred orientation corresponding to (112) of CIGS, with the presence of 
other peaks corresponding to (220), (312) and (424) (JCPDS: 35-1102) confirming the 
presence of crystalline chalcopyrite CIGS phase. In addition, peaks corresponding to Mo 
substrate (JCPDS: 42-1120) and MoSe2 (JCPDS: 29-0914) are also observed. The 
importance of formation of MoSe2 is explained previously while discussing the significance 
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of annealing CIGS films in section 2.2.1. As previously discussed, the preferred (112) 
orientation of various phases such as Cu-Se, CIS, CIGS, etc. have a narrow variation that 
the distinguishability of these phases often requires a closer inspection of this orientation. 
Hence, a closer inspection of preferred (112) orientation is carried out as shown in Figure 
6.4b which clearly reveals that the CIGS films deposited with 40 mM are observed to have 
two peaks at the 2θ values of 26.6° and 26.9° which are attributed to the of (112) orientation 
CIS and CIGS. This could be due to the very low Ga content observed for films deposited 
with 40 mM TSC. The XRD patterns do not reveal any Cu rich phases other than CIS and 
CIGS. The films deposited with TSC concentration of 40 – 100 mM have a well-defined 
single peak; however, the peak gets shifted to higher 2θ values with the increase in 
concentration of TSC from 40 to 100 mM. As it can be observed from compositional 
analysis, the amount of Ga in the films increased with the increase in TSC concentration. It 
has also been discussed previously that incorporation of Ga into CIS leads to the contraction 
of crystal structure thereby leading to the smaller lattice parameter and hence, smaller 
interplanar spacing. According to Bragg‟s law, it is well known that the decrease in 
interplanar spacing leads to the shift in 2θ value to higher angles. Finally, CIGS films 
deposited with 100 mM of TSC for 15 min and 30 min have well defined (112) peak at 
26.9° corresponding to the stoichiometric chalcopyrite CIGS phase. The compositional 
studies clearly indicate that there is a decrease in the amount of Cu upon increasing the 
deposition time to 30 min and the relative In and Ga contents are correspondingly increased. 
Due to this variation, the (112) peak of CIGS films deposited for 30 min is shifted to higher 
2θ values indicating the decrease in lattice parameter, as observed from Figure 6.4a. In 
addition, the peak height is the maximum indicating higher crystallinity of CIGS thin-films 
deposited for 30 min. Hence, XRD results clearly demonstrate that TSC of 100 mM is the 
optimized concentration with a deposition time of 30 min for the fabrication of 
stoichiometric CIGS films. No phases corresponding to undesired Cu-Se and In-Se phases 
are observed from the XRD results.  
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Figure 6.4: a) XRD patterns and b) closer inspection of (112) orientation of annealed PED 
deposited CIGS thin-films with varied concentration of tri-sodium citrate 
 
6.1.4 Raman spectra of annealed CIGS thin-films with varied TSC concentration  
Figure 6.5a shows Raman spectra of the annealed PED deposited CIGS thin-films with 
varied concentration of TSC (40 – 100 mM). The spectra reveal peak corresponding to A1 
mode of CIGS at the wavenumber of 176 cm-1. In addition, a peak is observed at the 
wavenumber of 260 cm-1 for the films deposited with 40 and 60 mM concentration of TSC 
and is attributed to the presence of secondary Cu2-xSe phase. This could be attributed to the 
Cu rich composition of CIGS thin-films deposited with the use of lower concentration of 
TSC. However, the peak corresponds to secondary Cu2-xSe phase disappears for the films 
deposited with higher concentration of TSC. As it can be observed, Cu content considerably 
decreased for the films deposited with the TSC concentration in the range of 80 – 100 mM 
which in turn led to the disappearance of secondary Cu2-xSe phase. CIGS films deposited 
with 100 mM of TSC have shown well-defined peaks corresponding to A1 and B2/E modes 
of CIGS at the wavenumbers of 176 and 234 cm-1, respectively. In addition to the overall 
spectra of CIGS films, a closer inspection of Raman mode is carried out as shown in Figure 
6.5b. It shows a shift in the A1 mode of CIGS with increased concentration of TSC. The A1 
mode for CIGS films deposited with lower concentration of TSC is observed at a lower 
wavenumber of 171 cm-1 and could be attributed to the lower Ga content observed in these 
films. It is well reported that the A1 mode is observed at lower wavenumbers in the range of 
171-173 cm-1 for CIGS films with very low Ga content, with the peak shifting to higher 
wavenumbers of 176-178 cm-1 for stoichiometric CIGS thin-films and to 187 cm-1 for 
CuGaSe2. The CIGS films deposited with the TSC of 40 -80 mM are also observed to have 
A1 mode at a lower Raman shift of 173 cm
-1. As it is evident from EDS, the Ga content 
increased with the increase in concentration of TSC. However, the films deposited with 100 
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mM of TSC for 15 and 30 min exhibit a sharp peak at 176 cm-1 which corresponds to the 
stoichiometric CIGS A1 mode and the peak is strongest for the 30 min case. As previously 
mentioned, elimination of the undesired Cu2-xSe secondary phase in the annealed films is 
extremely crucial, and is successfully achieved in the present case by the optimization of 
TSC‟s concentration. 
 
 
Figure 6.5: a) Raman spectra and b) closer inspection of A1 mode of annealed PED deposited 
CIGS thin-films with varied concentration of tri-sodium citrate 
 
The optimized CIGS films deposited by optimizing the concentration of tri-sodium citrate 
are further characterized to determine the bandgap, flat-band potential, carrier density and 
photoresponse. The results are discussed in the following sections.  
 
6.1.5 Optical studies of CIGS thin-films deposited with 100 mM TSC 
Figure 6.6 shows [F(R)hν]2 vs. hν plot of the annealed PED deposited CIGS thin-films with 
the optimized concentration of TSC (100 mM) for 30 min. The bandgap of the CIGS thin-
films is obtained to be ≈ 1.28 eV, determined by extrapolating the linear section of the plot 
to x-axis, which is close to the value for stoichiometric CIGS thin-films. 
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Figure 6.6: (F(R)hν)2 vs. hν plot of annealed PED deposited CIGS thin-films with optimized 
concentration of tri-sodium citrate 
 
6.1.6 Mott-Schottky analysis of CIGS thin-films deposited with 100 mM of TSC 
Figure 6.7 shows the Mott-Schottky (1/C2 vs. V) plot of CIGS thin-films in 0.5M H2SO4 at a 
frequency of 10 kHz in the dark. The slope of the MS plots is negative, thereby confirming 
that the CIGS film is p-type. The flat band potential is found to be -0.17 V (vs. SCE) by 
extrapolating the linear section to x-axis. In addition, the acceptor density, Na ≈ 5 × 10
16 cm-
3, calculated using the slope of the curve. The flat-band potential and acceptor density values 
determined herein are similar to the values as obtained for stoichiometric CIGS thin-films 
mentioned in previous chapters and are in agreement with previous reports [145].   
 
 
Figure 6.7: Mott-Schottky curve of annealed PED deposited CIGS thin-films with optimized 
concentration of tri-sodium citrate 
 
6.1.7 PEC studies of CIGS thin-films deposited with 100 mM TSC 
Figure 6.8 shows the dark and illuminated current density – voltage characteristics of the 
annealed CIGS thin-films deposited with 100 mM of TSC by PED electrodeposition, 
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measured using a photoelectrochemical analyzer in 0.5 M Na2SO4 with a sweep rate of 10 
mV/s. The nature of the J-V curve confirms the photo-activity of CIGS thin-films. In 
addition, it shows an increase in the cathodic photocurrent with increased cathode potential, 
which is a characteristic of a semiconductor with p-type conductivity. A photocurrent 
density of ≈ 0.25 mA/cm2 at a potential of -0.4 V vs. SCE is observed. This represents an 
improvement in photocurrent density compared to the value of ≈ 100 μA/cm2 observed for 
PED deposited CIGS thin-films without the use of TSC, discussed previously in section 
4.2.9. The dense morphology with increased particle size observed in the present optimized 
CIGS thin-films supports the easier diffusion of minority carriers and is responsible for the 
improved photoelectrochemical performance. It is also to be noted that the photocurrent 
increases gradually without attaining a saturated value. This behavior can be attributed to 
incomplete photonic conversion, which causes a recombination of charge carriers at the 
grain boundaries of the semiconductor. The photoelectrochemical performance of these 
films demonstrates their application for photoelectrochemical hydrogen generation. 
However, an interesting point to be noted in these studies is that the photocurrent density of 
the films with the use of TSC is not as good as the value observed for the optimized 
sequential pulse electrodeposited CIGS thin-films discussed in the previous chapter. This 
could either be due to the possible impurities caused by the use of tri-sodium citrate or to the 
slightly porous morphology of CIGS films. Hence, it can be stated that the stoichiometric 
CIGS thin-films with desired properties can be obtained by avoiding the use of complexing 
agents as rightly aimed in the present work. 
 
 
Figure 6.8: Photoelectrochemical I-V characteristics of annealed PED deposited CIGS thin-
films with optimized concentration of tri-sodium citrate 
 
6.2 Fabrication of hierarchical CIGS nano-flakes 
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Previous section has shown the fabrication of stoichiometric compact CIGS thin-films can 
be achieved by the optimized concentration of tri-sodium citrate. However, from Figure 
6.2b, it can be seen that flower like particles are observed for CIGS thin-films deposited 
with 60 mM of tri-sodium citrate. It has been previously discussed in chapter 3 that flake-
like morphological CIS thin-films can be fabricated by pulse electrodeposition technique 
which resulted in improved photoelectrochemical performance. As previously discussed, 
flower-like particles or flakes are expected to improve the junction area and enhance the 
absorption and current transmission properties. The flower-like CIGS films fabricated using 
60 mM of TSC do not have the desired composition to form stoichiometric CIGS films. 
Hence, a further investigation of this study is focused to improve the stoichiometry of 
flower-like CIGS thin-films. It is previously discussed that with the increase in deposition 
time the Cu content is decreased relatively and the corresponding In and Ga contents 
increased. This could be due to the fact that the deposition of Cu occurs at the preliminary 
stages of deposition followed by facilitating the deposition of In and Ga. Hence, with the 
increased deposition time Cu content decreases and relative In and Ga contents increase. 
Hence, the present study employs the variation in deposition time to fabricate stoichiometric 
CIGS thin-films. In addition, the deposition time is systematically increased from 5 to 25 
min to study the possible mechanism for the formation of CIGS films with flower-like 
structures. 
 
6.2.1 Variation in composition of CIGS thin-films with varied deposition time 
Figure 6.9a shows the composition of individual elements of CIGS thin-films deposited 
using 60 mM of tri-sodium citrate with varied deposition time from 5 to 25 min. It can be 
clearly observed that the content of Cu decreases with increase in deposition time. And on a 
similar note, the contents of In and Ga increase with the increased deposition time. This 
could be attributed to the initial deposition of Cu onto the Mo substrate which then 
facilitates the deposition of In and Ga. In this way, the content of Cu relatively decreases 
with the increase in deposition time since the deposition of In and Ga increase with the 
deposition time. For a deposition time of 25 min, the composition of elements seems ideal to 
form the stoichiometric CIGS thin-films. This is one of the main reasons to stop the 
deposition time at 25 min since further increase in deposition time may lead to a further 
decrease in copper content and relative increase in In and Ga contents. This might lead to 
highly copper poor CIGS thin-films which is again detrimental solar cell performance due to 
the plausible presence of InCu defects (In on Cu vacancies). Hence, a deposition time of 25 
min is deemed optimum for the fabrication of stoichiometric CIGS thin-films.  
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Figure 6.9: a) Elemental composition and b) Cu/(In+Ga) and Ga/(In+Ga) ratios of CIGS thin-
films deposited with varied deposition time using 60 mM TSC 
 
6.2.2 Morphology of CIGS thin-films with varied deposition time 
Though the stoichiometry of the CIGS thin-films is observed from elemental analysis but 
the primary aim of this study is to explore for the possible fabrication of flower-like/flake-
like CIGS thin-films using 60 mM of tri-sodium citrate. The morphology of CIGS thin-films 
deposited using 60 mM of TSC and varied deposition time is shown in Figure 6.10. Figure 
6.10 a shows the morphology of the CIGS thin-films deposited for a time of 5 min and 
Figure 6.10f shows the higher magnification of the same. As it can be seen from the figure, 
the surface morphology of the films contains spherical particles as a whole; however, the 
higher magnification reveals cluster of bead shaped crystallites in a single particle with an 
approximate size of 200 nm. With the increase in deposition time to 10 min, the overall 
compactness of the morphology decreased in addition to the decreased compactness of the 
bead shaped crystallites whose size is observed to be still around 200 nm (Figure 6.10b and 
g). Further increase in deposition time to 15 min, the compactness still decreased and seems 
to have some porosity leading to the formation of flower like particles as shown in Figure 
6.10c. The higher magnification of each particle for the deposition time of 15 min contains 
flake-like crystallites with the thickness of flake is approximately 100 nm (Figure 6.10h). 
The films deposited for 20 min deposition time contain flake-like crystallites throughout the 
surface indicating the development of flaky morphology as shown in Figure 6.10d. The 
magnified image of these films in Figure 6.10i shows the individually grown flakes of size 
100 nm. Finally the films deposited for 25 min contain vertically grown nano-flakes of 
CIGS as shown in Figure 6.10e. The high magnification of image of these films additionally 
confirm the vertically grown flakes whose size is approximately 50 nm. 
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A systematic evolution of CIGS nano-flakes deposited using 60 mM of tri-sodium citrate 
with the increased deposition time is observed in Figure 6.10. In the previous sections, it is 
explained that the use of complexing agents results in a compact and dense morphology of 
thin-films by electrodeposition technique. But the flower like and flake like CIGS observed 
with the use of complexing agent (TSC) contrasts the previous explanation. This could be 
due to the fact that complexing agents do influence the propagation of micro-steps and 
cause bunching of ad-atoms or ad-ions leading to the formation of macro-steps [75]. Such a 
phenomenon occurs essentially when lower concentration of complexing agent is employed, 
as can be observed from Figure 6.2 wherein the flower like particles are observed when 
lower concentration of complexing agent is used in the electrolyte. In addition to the effect 
of complexing agents, the electrochemical dissolution plays a key role in producing such 
morphology and is dominant when lower concentration of complexing agent is used. Hence, 
with the combination of selective electrochemical dissolution and use of lower 
concentration of complexing agent, CIGS nano-flakes are obtained which are expected to 
exhibit improved photoelectrochemical performance due to the increased surface area of 
nano-flakes.      
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Figure 6.10: Morphology of CIGS thin-films deposited using 60 mM for a time of  a) 5, b) 10, c) 
15, d) 20 and e) 25 min, respectively. Higher magnification SEM images of these films are 
shown in f-j. 
 
Vertically aligned CIGS nano-flakes deposited with 60 mM of TSC for 25 min and their 
high magnification images are shown in Figure 6.11. It can be seen that the typical width of 
each nano-flake is observed to be ≈ 1 – 1.2 μm and the flake height is observed to be ≈ 2 – 
2.5 μm (confirmed later from cross-sectional analysis). The area of a single flake can then 
be calculated to be ≈ 2.5 – 3 μm2, which shows an increased surface of the CIGS films. The 
flake-like morphology is expected to be advantageous in the device stage due to its higher 
surface area which in turn leads to higher junction area. In addition, it is expected to provide 
superior absorption properties. The nano-flake like CIGS structure also yields a reduced 
143 
diffusion length for the minority carriers thereby improving the minority carrier diffusion 
and is favorable to increase current carrier concentration, electron transmission and thus 
induce the generation of photocurrent. In addition to the flake-like morphology, a closer 
observation of each flake shows hierarchically connected nano-particles of ≈ 50 nm. These 
nanoparticles are advantageous since they reduce recombination due to the large exciton 
binding energy thereby leading to improved device performance.    
 
 
Figure 6.11: CIGS nano-flakes and their high magnification images, deposited with 60 mM of 
TSC for 25 min 
 
6.2.3 Phase constitution of CIGS thin-films by XRD  
Figure 6.12a shows the X-ray diffraction patterns of annealed PED deposited CIGS thin-
films using TSC with varied deposition time (5 – 25 min). The patterns have a preferred 
orientation corresponding to (112) of CIGS, along with other peaks corresponding to (220), 
(312) and (424) (JCPDS: 35-1102) confirming the presence of crystalline chalcopyrite CIGS 
phase. In addition, peak corresponding to Mo substrate (JCPDS: 42-1120) is also observed. 
As previously discussed, the preferred (112) orientation of various phases such as Cu-Se, 
CIS, CIGS, etc. have a narrow variation in the peak position that the distinguishability of 
these phases often requires a closer inspection of this orientation. Hence, a closer inspection 
of preferred (112) orientation is carried out as shown in Figure 6.12b. It clearly reveals that 
the CIGS films deposited for 5 min are observed to have the (112) peak at a 2θ value of 
26.6°. This peak is attributed to the presence of CIS phase and no CIGS phase is observed. 
This could be due to the lower Ga content observed from compositional analysis. The CIGS 
films deposited for 10 and 15 min have two peaks at the 2θ values of 26.6° and 26.9° which 
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are attributed to the of (112) orientation CIS and CIGS. This could be due to the lower Ga 
content observed for films deposited for 10 and 15 min. The XRD patterns do not reveal any 
Cu rich phases other than CIS and CIGS although the films are Cu-rich in composition. As 
it can be observed from compositional analysis, the amount of Ga in the films increased 
with the increase in deposition time. It has also been discussed previously that incorporation 
of Ga into CIS leads to the contraction of crystal structure thereby leading to the smaller 
lattice parameter and hence, smaller interplanar spacing. As per Bragg‟s law, it is well 
known that the decrease in interplanar spacing leads to the shift in 2θ value to higher angles. 
The films deposited for 20 and 25 min have a well-defined single peak at the 2θ value of 
26.9° which can be attributed to stoichiometric chalcopyrite CIGS phase. In addition, the 
peak height for these cases is the maximum which indicates higher crystallinity of CIGS 
thin-films. Hence, XRD results clearly demonstrate the fabrication of stoichiometric CIGS 
films for a deposition time of 25 min.  
 
 
Figure 6.12: a) XRD patterns and b) closer inspection of (112) orientation of annealed PED 
deposited CIGS thin-films deposited with 60 mM of TSC by varying deposition time 
 
6.2.4 Raman analysis of CIGS thin-films  
Figure 6.13a shows Raman spectra of the annealed PED deposited CIGS thin-films with 
varied deposition time (5 – 25 min). The spectra reveal peak corresponding to A1 mode of 
CIGS at the wavenumber of 176 cm-1. In addition, a peak is observed at the wavenumber of 
260 cm-1 for the films deposited for 5 and 10 min duration and is attributed to the presence 
of secondary Cu2-xSe phase. This could be due to the Cu rich composition of CIGS thin-
films deposited for lower deposition time. However, the peak corresponds to secondary Cu2-
xSe phase disappears for the films deposited with higher deposition time. As it can be 
observed, Cu content considerably decreased for the films deposited for the deposition time 
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of 15 – 25 min which in turn led to the disappearance of secondary Cu2-xSe phase. The 
CIGS films deposited for 25 min have shown well-defined peak corresponding to A1 mode 
of CIGS at the wavenumber, 176 cm-1. In addition to the overall spectra of CIGS films, a 
closer inspection of Raman mode is carried out as shown in Figure 6.13b. It shows the shift 
of A1 mode of CIGS with increased concentration of TSC. The A1 mode for CIGS films 
deposited with lower deposition time is observed at a lower Raman shift of 171 cm-1 and 
could be attributed to the lower Ga content observed in these films. It is well reported that 
the A1 mode is observed at lower wavenumbers in the range of 171-173 cm
-1 for CIGS films 
with very low Ga content, with the peak shifting to higher wavenumbers of 176-178 cm-1 for 
stoichiometric CIGS thin-films and to 187 cm-1 for CuGaSe2. The CIGS films deposited for 
deposition time of 10 and 15 min are also observed to have A1 mode at a lower Raman shift 
of 173 cm-1. As it is evident from EDS, the Ga content increased with the increased 
deposition time. However, the films deposited for 25 min exhibit a sharp peak at 176 cm-1 
which corresponds to the stoichiometric CIGS A1 mode.  
 
 
Figure 6.13: Figure 6.5: a) Raman spectra and b) closer inspection of A1 mode of annealed PED 
deposited CIGS thin-films using 60 mM of TSC with varied deposition time 
 
6.2.5 Optical absorption studies of CIGS thin-films  
The optical studies of the CIGS thin-films have been investigated in previous chapters to 
determine the bandgap of the films. However, in the present case, a detailed investigation of 
optical absorption has been carried out to examine the absorption properties of flake like 
CIGS films. The absorption spectra of CIGS thin-films deposited for 5 – 25 min are shown 
in Figure 6.14. As it can be clearly observed, absorption of CIGS films increased with the 
increase in deposition time from 5 to 25 min. The CIGS nano-flakes have maximum 
absorption as previously mentioned. In addition, a careful observation of the absorption 
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spectra reveals the absorption edge at a wavelength of ≈ 1200 nm for the films deposited for 
5 and 10 min whereas the absorption edge is observed at a wavelength of ≈ 1000 nm for 
films deposited for 15 – 25 min. A wavelength of 1200 nm corresponds to energy of ≈ 1 eV 
and 1000 nm corresponds to ≈ 1.24 eV. It is well known that the stoichiometric CIS thin-
films have bandgap of ≈ 1.04 eV and stoichiometric CIGS films have a bandgap of ≈ 1.20 
eV. Hence, the films deposited with lower deposition time contain CIS and with higher 
deposition time contain CIGS, corroborating the XRD and Raman results. 
     
 
Figure 6.14: Optical absorption spectra of CIGS films deposited using 60 mM of TSC by varied 
deposition time 
 
6.3 Characterization of stoichiometric CIGS nano-flakes 
The stoichiometric hierarchical CIGS nano-flakes are further characterized to TEM, SEM, 
PEC analyzer, etc. to examine the crystallographic properties, flake height, photoresponse, 
etc. 
 
6.3.1 TEM analysis of CIGS thin-films  
Annealed CIGS nano-flakes fabricated by PED deposition using 60 mM of TSC for a 
deposition time of 20 min are further characterized using transmission electron microscopy. 
The transmission electron micrograph, the high resolution TEM image, selected area 
diffraction (SAD) pattern and TEM-EDS spectrum of CIGS particles are shown in Figure 
6.15. The CIGS nano-flakes are clearly observed from the TEM images as shown in Figure 
6.15a. Figure 6.15b shows the high resolution TEM image of CIGS thin-films, which 
reveals planes with an interplanar spacing of approximately 3.31Å. This values is in good 
agreement with the theoretical value for the (112) orientation of CIGS. The SAD pattern, 
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Figure 6.15c, shows the orientations corresponding to (112), (220) and (312) of CIGS, 
which are in agreement with the previously discussed observation from XRD. TEM-EDS 
analysis is performed, as shown in Figure 6.15d, reveals presence of Cu, In Ga and Se 
affirming in the CIGS films. 
 
 
Figure 6.15: a) TEM image, b) HRTEM image, c) SAED and d) TEM-EDS of annealed PED 
deposited CIGS nano-flakes 
 
6.3.2 Cross-section analysis of CIGS nano-flakes by SEM 
Figure 6.16 shows the cross-sectional SEM image of CIGS nano-flakes fabricated by PED 
electrodeposition using 60 mM of TSC. The cross-section of the films clearly indicates the 
vertical growth of the CIGS nano-flakes and the thickness of the films which is equivalent 
to the flake height is determined to be ≈ 2.4 μm. In addition, width of the flakes is observed 
to be around 1.2 μm. Therefore, the typical area of a single nano-flake is calculated to be ≈ 3 
μm2, corroborating the results observed from the surface morphological analysis. This high 
surface area is expected to be crucial in improving the properties such as light absorption, 
junction area, photoresponse, etc. In addition to the CIGS flakes, the sputtered Mo layer 
(200 nm) is also seen in the film. 
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Figure 6.16: cross-sectional FESEM image of CIGS nano-flakes showing flake height 
 
6.3.3 Optical studies of CIGS nano-flakes 
Figure 6.17a shows the optical absorbance of CIGS nano-flakes fabricated using 60 mM of 
TSC. Absorption spectrum of PED deposited dense CIGS thin-films is also included for 
comparison. As it can be clearly observed, both the films exhibited extended absorption, 
however, the nano-flake CIGS has higher absorbance compared to the dense CIGS thin-
films (Figure 4.6). This could be due to the higher surface area of the nano-flakes as 
discussed previously. A careful inspection of the Figure 6.17a reveals the absorption edge of 
the CIGS nano-flakes at around 950 nm whereas that of dense CIGS films is observed to at 
1000 nm. The observation indirectly indicates a shift in the bandgap of the CIGS nano-
flakes to higher values compared to dense CIGS thin-films. To determine the bandgap of the 
nano-flake like CIGS absorption coefficient is calculated using the absorbance spectrum in 
Figure 6.17a and the height of CIGS nano-flakes from cross-sectional analysis. Figure 6.17b 
show the (αhν)2 vs. hν (Tauc‟s) plot of CIGS nano-flakes and that of dense CIGS films (for 
comparison). The bandgap of the CIGS nano-flakes is determined to be ≈ 1.30 eV, by 
extrapolating the linear section of the plot to X-axis, which is in the desired range for CIGS 
thin-film as solar absorber layer. The sequential PED plated CIGS thin-films, however, have 
larger band gap compared to the PED plated CIGS films, which is in agreement with the 
transition observed in absorbance studies. A possible reason for this phenomenon is carrier 
degeneracy in Cu(In,Ga)Se2 due to continuous distribution of defect states, such as copper 
vacancies (VCu), or substitutional indium in copper sites (InCu).  
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Figure 6.17: a) Optical absorbance and b) corresponding Tauc's plot of annealed CIGS nano-
flakes prepared using 60 mM of TSC. Relevant curves of dense CIGS thin-film are also 
included for comparison 
 
6.3.4 Mott-Schottky analysis of CIGS nano-flakes 
Figure 6.18 shows the Mott-Schottky (1/C2 vs. V) plot of CIGS nano-flakes in 0.5M H2SO4 
at a frequency of 10 kHz in the dark. The slope of the MS plots is negative, thereby 
confirming that the CIGS nano-flakes exhibit p-type conductivity. The flat band potential is 
found to be -0.15 V (vs. SCE) by extrapolating the linear section to X-axis. In addition, the 
acceptor density, Na ≈ 5.2 × 10
16 cm-3, calculated using the slope of the curve. An interesting 
observation from the Mott-Schottky plot is the reduced 1/C2 values of CIGS nano-flakes 
compared to previously observed values for dense CIGS films. By comparing Figure 6.18 
with Figure 4.11, it can be observed that 1/C2 values are almost reduced by three orders 
magnitude indicating significant increase in the value of capacitance for CIGS nano-flakes. 
The capacitance measured herein is the double layer capacitance observed at the CIGS-
electrolyte interface, as discussed previously in section 2.3.9. It is also well known that the 
capacitance value is directly proportional to the area of the electrodes in a parallel plate 
capacitor (C = ε0A/d). Hence, in the present case, the larger capacitance value can be 
attributed to the increased area of CIGS due to the presence of nano-flakes, as calculated 
previously.         
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Figure 6.18: Mott-Schottky plot of CIGS nano-flakes prepared using 60 mM of TSC 
 
6.3.5 I-V characteristics of optimized CIGS thin-films by PEC 
Figure 6.19a shows dark and illuminated current density – voltage characteristics of the 
CIGS nano-flakes deposited using 60 mM of TSC for 25 min, measured using a 
photoelectrochemical analyzer in 0.5 M H2SO4 with a sweep rate of 10 mV/s. The nature of 
the J-V curve confirms the photo-activity of CIGS thin-films. In addition, it shows the 
increase in cathodic photocurrent with increased cathode potential, which is a characteristic 
of a semiconductor with p-type conductivity. It is also to be noted that the photocurrent 
increases gradually without attaining a saturated value. This behavior can be attributed to 
incomplete photonic conversion, which causes a recombination of charge carriers at the 
grain boundaries of the semiconductor. A photocurrent density of ≈ 1.71 mA/cm2 at a 
potential of -0.4 V vs. SCE is observed. This represents a significant improvement in 
photocurrent density compared to the values observed in previous chapters. The larger 
photocurrent value is essentially due to the presence of nano-flakes and can be explained 
using several reasons. Firstly, increased light absorption due to the nano-flakes yields 
increased carrier generation thereby leading to the probability for improved photocurrent 
density. Secondly, the junction area between CIGS nano-flakes and electrolyte is increased 
which in turn increases depletion field which is responsible for separation of charge carriers 
thereby leading to improved photocurrent density. In addition, as the junction is between the 
flake and electrolyte the essential path length need to be traversed by the electron is only the 
thickness of CIGS nano-flake. The thickness of nano-flakes is only about 50 nm indicating 
the shorter diffusion length for electrons leading to the possibility of reduction in 
detrimental recombination. 
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Figure 6.19: a) Photoelectrochemical I-V characteristics and b) amperometric I-t curve of 
CIGS nano-flakes prepared using 60 mM of TSC 
 
In addition to the PEC I-V characteristics, amperometric current vs. time curve is also 
obtained for CIGS nano-flakes. Figure 6.19b shows the amperometric current-time (I-t) 
curve of CIGS nano-flakes obtained at -0.4 V by chopped light. It clearly demonstrates the 
photoactivity nature of CIGS films with a photocurrent density of ≈ 1.71 mA/cm2, 
corroborating the above result.  The improved photoresponse of CIGS nano-flakes indicate 
their potential for application in thin-film solar cells. In addition, the photoelectrochemical 
performance of these films demonstrates their potential utility for photoelectrochemical 
hydrogen generation. 
 
6.4 Conclusions 
Effect of tri-sodium citrate (TSC) is studied on the pulse electrodeposition of CIGS thin-
films. The concentration of TSC is optimized to fabricate stoichiometric chalcopyrite CIGS 
thin-films. A possible mechanism is proposed to understand the effect of TSC on the 
deposition of CIGS thin-films. Further, the use of optimized TSC has resulted in highly 
compact CIGS thin-films but exhibited poor photoresponse which could be due to the 
possible impurities from the complexing agent. An interesting aspect, however, is the 
observation of flower like CIGS particles for a lower concentration of TSC (60 mM). This 
60 mM of TSC is further used to optimize for the CIGS content by employing a variation in 
deposition time. Ultimately, the deposition time of 25 min has yielded stoichiometric CIGS 
films which resulted in an interesting novel nano-flake like morphology. These CIGS nano-
flakes have not only shown superior absorption properties but also exhibited significantly 
improved photocurrent density. These CIGS nano-flakes fabricated by simplified 
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electrodeposition technique have potential application for thin-film solar cells and 
photoelectrochemical cells.  
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Chapter 7 
 
Pulse-reverse electrodeposition of 
Cu(In,Ga)Se2  
   
Pulse electrodeposition technique has been successfully explored for the fabrication of 
stoichiometric CIGS thin-films in the previous chapters. In addition to the pulse 
electrodeposition, as mentioned in section 1.11, pulse-reverse electrodeposition (PRED) of 
CIGS thin-films is also one of the major interests of the present work. The features and the 
relevant advantages of pulse-reverse electrodeposition have already been detailed in section 
1.9.3. To brief out the same in the present context, an anodic (reverse) voltage/current is 
applied followed by an off-time in PRED in addition to the forward pulse sequence as in 
pulse electrodeposition. Such a reverse pulse sequence provides additional variables such as 
pulse reverse voltage, PR on-time and PR off-time. The appropriate variation of these 
additional variables is expected to offer better control over composition and morphology 
than the case for pulse electrodeposition. In the present study, the intension to employ 
PRED for the deposition of CIGS thin-films is to completely eliminate the undesired Cu2-
xSe phase. The reason for the appearance of undesired Cu-Se phase and its probable 
elimination by PRED technique are explained as follows.  
 
In general, it is well known that the amount of Cu is rich in the electrodeposited CIGS thin-
films due to its lower reduction potential and higher deposition rate. In addition, deposition 
of the films at room temperature using an acidic electrolyte (pH ≈ 2) also favors the 
deposition of Cu, leading to its higher amount in the deposited CIGS films. Due to this 
excess copper content, often undesired secondary Cu-Se phases have been resulted in the 
electrodeposited CIGS films [61, 161]. Hence, minimization of Cu content to form 
stoichiometric CIGS is essential. As discussed in section 1.10, though several post 
deposition treatments have aided in removing this undesired Cu-Se phase but resulted in a 
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rough and porous morphology which is not desirable for solar cell applications. In this 
context, PRED is expected to resolve this problem during the deposition stage. The anodic 
current can be manipulated in such a way that it suffices the oxidation potential of Cu 
resulting in the dissolution/oxidation of Cu from the deposited films into the solution 
thereby decreasing the amount of Cu. However, the dissolution should also be controlled 
since extremely copper poor conditions are again detrimental to solar cell performance. This 
crucial control over the dissolution can be obtained by manipulating the PR on-time and PR 
off-time. Hence, appropriate control of these key parameters including reverse potential, 
reverse on-time and off-time is necessary to achieve stoichiometric CIGS thin-films. In this 
context, it is also relevant to mention that Fu et al. have successfully explored PRED 
technique to not only eliminate the undesired Cu2-xSe phase but also to achieve a compact 
morphology of the CIGS thin-films. However, the report also used tri-sodium citrate as 
complexing agent to achieve the above result. 
 
The present study avoids the use of complexing agents during the pulse-reverse 
electrodeposition of CIGS thin-films and essentially focuses on the variation in reverse 
(anodic) voltage. The study discusses the following aspects: 
1. Pulse-reverse electrodeposition of CIGS thin-films by varying the reverse voltage – 
observation of an interesting fishbone like nano-mesh morphology for CIGS thin-films 
2. Characterization of fishbone like CIGS nano-mesh   
 
7.1 Pulse-reverse electrodeposition (PRED) of CIGS thin-films 
Pulse-reverse electrodeposition (PRED) of CIGS thin-films is carried out in the same way as 
that of the pulse electrodeposition technique, by employing a two-electrode system. CuCl2 
(3 mM), InCl3 (6.4 mM), GaCl3 (8.5 mM) and H2SeO3 (5 mM) are considered for the 
present case with a final pH maintained between 2.20 – 2.40. A constant forward voltage of 
-1.5 V is used and the reverse voltage is varied from 0.1 to 0.3 V. A duty cycle of ≈ 97 % is 
used in the present case, which is defined by the equation for PRED case as Tc/(Tc+Ta), 
where Tc is the cathodic pulse on-time and Ta is the anodic pulse-on time. The typical pulse 
sequence employed for the present study is shown in Figure 7.1. The deposition is carried 
out at room temperature for 30 min. The films are not annealed in the present case unlike 
the previous cases and the reason is discussed during the analysis in the next sections. An 
important point to mention here is that the deposition conditions are chosen in such a way 
that Cu and In rich films are primarily observed. This is due to the fact that Cu and In are 
expected to dissolve back into the electrolyte during the reverse-pulse leading to the 
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decrease in their respective contents. Though PRED explored in the present case is to 
eliminate secondary phases but this novel technique is expected to provide a preferential 
growth of the thin-films which not only leads to novel morphologies but also to the 
preferential growth of a specific orientation of the deposit.    
  
 
Figure 7.1: Typical pulse sequence employed for pulse-reverse electrodeposition of CIGS thin-
films 
 
7.1.1 Compositional analysis of PR electrodeposited CIGS films 
The composition of individual elements and corresponding Cu/(In+Ga) and Ga/(In+Ga) 
ratios of PR electrodeposited CIGS thin-films deposited with varied pulse reverse (PR) 
voltage are shown in Figure 7.2. It can be clearly observed from Figure 7.2a that Cu rich 
CIGS thin-films are observed for a PR voltage of 0.1 V which also contain higher content of 
In and Ga. As previously discussed, the deposition parameters are chosen to achieve higher 
Cu and In contents in the CIGS thin-films. Further, when the PR voltage is increased to 0.2 
V, Cu, and Se contents are observed to decrease while the relative In and Ga content remain 
almost unaffected. This could be due to the fact that these elements get oxidized leading to 
their dissolution back into the electrolyte. The PR voltage is further increased to 0.3 V, the 
films are observed to have the near ideal composition of individual elements which can 
form the stoichiometric CIGS thin-films. The PRED films deposited at a PR voltage of 0.3 
V also exhibited the near-ideal values for the ratios of Cu/(In+Ga) and Ga/(In+Ga) as shown 
in Figure 7.2b. It can be concluded from the compositional analysis that the contents of 
individual elements can be conveniently controlled by varying the reverse voltage. 
However, optimizing the PR voltage is the key for the success since elements like Cu, Se 
and In get oxidized with the application of reverse-voltage. Though the desired composition 
of elements is successfully achieved from the PRED method but the results seem to be 
monotonous and are similar to the previous methods explored for CIGS. Then what is the 
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novelty of this PRED method? Does it give an interesting morphology or crystallinity or 
both? These details are explained in the following sections.        
 
 
Figure 7.2: a) Atomic composition of individual elements and b) Cu/(In+Ga) and Ga/(In+Ga) 
ratios of PR electrodeposited CIGS films with varied reverse voltage 
 
7.1.2 Morphology of PR electrodeposited CIGS films 
The morphology of the PRED CIGS thin-films deposited with varied pulse-reverse voltage 
is shown in Figure 7.3. As mentioned previously, an interesting aspect is observed for the 
morphology of the CIGS films deposited by PRED method. The film deposited using a PR 
voltage of 0.1 V is observed to have a fully covered rod like growth with attached flakes to 
it. Such morphology can result either due to the preferential growth of the material on 
selective sites or due to a possible etching or dissolution of the material. Growth of the 
material on selective sites by any method generally happen when a pre-deposited seed layer 
is present on the substrate and often leads to rod like morphology. However, in the present 
case, such a selective growth may not be possible due to the reasons such as the substrate 
does not have a pre-deposited seed layer; secondly, the pulse plating (PED or PRED 
method) expects to provide a uniform and homogeneous growth of the films as discussed in 
previous chapters. Hence, it could mainly be due to the dissolution of the elements that 
occurs during the reverse-on time. However, as discussed previously for PED deposition, 
the dissolution of In and Ga occur even during the forward pulse-off time though no voltage 
is intentionally applied (Figure 3.2). Hence, the dissolution in the present case occurs for a 
prolonged period which is equal to the sum of the forward pulse off-time and reverse pulse 
on-time. In addition, it is important to note that the dissolution during the forward off-time 
depends on the pulse off-time (since forward voltage is constant) whereas the dissolution 
during pulse-reverse on time depends both on the applied PR voltage and the duration of PR 
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on-time. Higher PR voltage might lead to higher dissolution, which is the case observed 
from the compositional analysis. The prolonged dissolution has resulted in the rod-flake like 
morphology for a PR voltage of 0.1 V as shown in Figure 7.3a. Upon increasing the PR 
voltage to 0.2 V, the dissolution is still significantly higher leading to the vertically aligned 
leaves of CIGS films (Figure 7.3b). It can be observed that the dissolution seems to be an 
equivalent selective etching process that the material has been removed from the edge of the 
flakes (which are attached to rod in Figure 7.3a) resulting in a well-defined leaf like 
structure of CIGS. When the deposition is finally carried out using a PR voltage of 0.3 V, an 
interesting fishbone like nano-mesh of CIGS rods is observed as shown in Figure 7.3c. The 
structure is a result of the selective electrochemical etching of the material with a well-
controlled reverse voltage applied during deposition. 
  
 
Figure 7.3: Morphology of PRED CIGS thin-films deposited at a reverse voltage of a) 0.1, b) 0.2 
and c) 0.3 V, respectively 
 
The schematic representation of the selective electrochemical etching which takes place 
during the PRED of CIGS films is shown in Figure 7.4. The picture clearly explains the 
possible dissolution leading to the formation of a well-connected network of fishbone like 
nano-mesh of CIGS rods. Optimization of PR voltage in a systematic approach has resulted 
in a stoichiometric fishbone like CIGS nano-mesh structure which is expected to have 
several advantages for the ultimate device performance as explained later.  
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Figure 7.4: Schematic representation of selective electrochemical etching of CIGS films with 
increased PR voltage 
 
7.1.3 Micro-Raman analysis of PR electrodeposited CIGS films 
It has been learnt from previous studies that XRD analysis does not provide a clear picture 
about the presence of different phases such as CIS, CIGS, Cu-Se, etc. due to the negligible 
variation in 2θ values of preferred (112) orientation of these phases. Hence, in the present 
study, micro-Raman analysis is considered over XRD studies to distinctly identify the 
different phases present in PRED CIGS films. Figure 7.5 shows the micro-Raman spectra of 
PRED CIGS thin-films deposited with varied reverse voltage. From the spectra, two 
essential observations can be made viz. the detection of Cu2-xSe mode for the films 
deposited with reverse voltages of 0.1 and 0.2 V, respectively, and the shift in the A1 mode 
of CIGS to lower wavenumbers. The films deposited with PR voltage of 0.1 V have two 
well-defined peaks corresponding to A1 mode of CIGS and Cu2-xSe at wavenumbers of 179 
and 260 cm-1, respectively. It has been previously discussed that the A1 mode of CIGS is 
observed at slightly higher wavenumbers for Ga rich films, which is the case for CIGS films 
deposited with a reverse voltage of 0.1 V. In addition, these films are observed to be copper 
rich in composition as observed from compositional analysis, which could be the reason for 
the presence of undesired secondary Cu2-xSe phase. However, the Raman intensity of this 
phase is decreased when the PR voltage is increased to 0.2 V wherein a decrease in copper 
content is observed. In addition, the A1 mode of CIGS is also observed at 178 cm
-1 affirming 
the fact that Ga content is also simultaneously decreased. Finally, when the PR voltage is 
increased to 0.3 V, the undesired secondary Cu2-xSe phase completely disappeared and well-
defined peaks corresponding to CIGS A1 mode and B2/E mode are observed at 
wavenumbers of 176 and 234 cm-1. In addition, the peaks corresponding to CIGS A1 mode 
observed for the films deposited at a PR voltage of 0.1 and 0.2 V are slightly broader 
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compared to the films deposited at PR voltage of 0.3 V. This could be attributed to the 
probable presence of In rich phases which could be possible due to the excess In observed in 
these films. However, no separate peaks are observed for any In or Ga related phases. 
Hence, it can be concluded that application of PR voltage of 0.3 V with a forward voltage of 
-1.5 V has resulted in single phase chalcopyrite fishbone like CIGS nano-mesh.  
 
 
Figure 7.5: Raman spectra of PRED CIGS thin-films deposited with varying reverse voltage as 
shown 
 
7.2 Characterization of the fishbone like CIGS nano-mesh deposited by PRED 
The fishbone like CIGS nano-mesh is further characterized using FESEM, XRD, Raman, 
TEM, absorption spectroscopy, impedance studies and PEC analysis to study its structural 
characteristics and other relevant properties. 
 
7.2.1 FESEM characterization of fishbone like CIGS nano-mesh 
 Figure 7.6a shows the FESEM image of fishbone like CIGS nano-mesh and high 
magnification images. The morphology clearly reveals vertically aligned CIGS nano-mesh. 
The high magnification image clearly reveals the nature of fishbone like CIGS mesh which 
can be compared to the natural fishbone structure as shown in Figure 7.6b. In addition, a 
closer inspection of mesh reveals the nano-rods of CIGS which have a diameter of ≈ 50 nm. 
Well-connected one-dimensional nano-rods of CIGS led to the formation of fishbone like 
CIGS nano-mesh which are vertically aligned across the surface of the CIGS films with a 
well-connected network. Such structure is expected to be advantageous in improving the 
absorption as well as transport properties which ultimately improve the device performance. 
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In addition, the junction area can be significantly increased since the n-type CdS can be 
deposited over the nano-rods within the fishbone type CIGS. 
 
 
Figure 7.6: a) FESEM image of fishbone like CIGS nano-mesh deposited by PRED and b) a 
natural fishbone 
 
7.2.2 Phase constitution of fishbone like CIGS nano-mesh 
The phase constitution of the CIGS nano-mesh is analyzed using XRD and Raman 
spectroscopy studies. Figure 7.7a shows the XRD pattern of as-deposited fishbone like 
CIGS nano-mesh by PRED technique. The pattern reveals two well defined peaks 
corresponding to (112) preferred orientation of CIGS and (110) orientation of Mo substrate. 
In addition, a very less intense peak corresponding to (220) orientation of CIGS is observed. 
Firstly, it is very interesting to notice that a highly crystalline CIGS phase is observed in the 
as-deposited films and in addition, the nanorods in the mesh seem to exhibit a single crystal 
nature as the pattern reveals essentially only preferred (112) orientation. The crystalline 
nature of as-deposited CIGS films can be attributed to the unique PRED technique wherein 
a very small pulse-reverse on time is employed. This, in turn, results, in a very high power 
density that can locally influence the structure of the deposited films on the substrate. The 
high power density provided in the electrochemical form may not only be involved in the 
possible redox reactions but may also be utilized by the resulting deposit to improve its 
crystallinity. The single crystal nature of CIGS phase can be attributed to the formation of 
CIGS nano-rods by the selective etching of the deposit. In addition, (112) orientation needs 
lesser energy for its growth compared to other orientations of CIGS. The electrochemical 
power density provided in the present technique might only be sufficient to grow the (112) 
orientation than the other orientations of CIGS. Hence, highly crystalline CIGS nano-rods 
which are arranged in a fishbone like mesh are observed by the PRED of CIGS films. 
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However, analysis of single rod is crucial in confirming this point which is explained in the 
next section by TEM studies.           
 
 
Figure 7.7: a) XRD pattern and b) Raman spectrum of fishbone like CIGS nano-mesh 
deposited by PRED 
 
The phase constitution of the CIGS nano-mesh is verified by Raman analysis. Figure 7.7b 
shows the Raman spectrum of the as-deposited CIGS nano-mesh prepared by PRED 
technique. The spectrum reveals two peaks corresponding to A1 and B2/E modes of 
chalcopyrite CIGS at wavenumbers of 176 and 234 cm-1, respectively. No other secondary 
phases are observed from the Raman spectrum which corroborates the XRD results 
suggesting the formation of single phase chalcopyrite CIGS.  
 
7.2.3 Micro-structural characteristics of fishbone like CIGS by TEM 
Figure 7.8 shows the TEM characteristics of CIGS nano-rod extracted from the fishbone 
like CIGS nano-mesh by simple scraping. Figure 7.8a shows TEM image of the nano-rod 
which reveals the diameter to be ≈ 50 nm, corroborating the FESEM analysis. In addition, 
HRTEM analysis, SAED and EDS are performed on the nano-rod to further investigate it. 
Figure 7.8b shows the HRTEM image of the nano-rod which unveils the interplanar spacing 
to be ≈ 3.3 Å which corresponds to the (112) preferred orientation of CIGS and no other 
orientations are observed. The result confirms the fact that the CIGS nano-rods are single 
crystal in nature as observed previously from XRD analysis. In addition, SAED pattern of 
rod is shown in Figure 7.8c, which reveals the single crystal structure of CIGS nano-rod. 
Finally, TEM-EDS analysis is performed on the nano-rod to confirm the presence of all the 
elements. TEM-EDS spectrum of CIGS nano-rod, which reveals the presence of Cu, In, Ga 
and Se in the rod, is shown in Figure 7.8. A quantitative analysis of the elements is not 
considered since the analysis is performed on a Cu grid. 
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Figure 7.8: a) TEM image, b) HRTEM image, c) SAED and d) TEM-EDS of PRED deposited 
fishbone like CIGS nano-mesh 
 
7.2.4 Optical absorption studies of the CIGS nano-mesh 
Figure 7.9a shows the optical absorbance of fishbone like CIGS nano-mesh fabricated using 
PRED technique. Absorption spectra of PED deposited dense CIGS thin-films and CIGS 
nano-flakes are also included for comparison. As it can be clearly observed, the fishbone 
like CIGS nano-mesh exhibited extended absorption which is very much similar to the other 
two cases and has recorded the highest absorbance among the three. The higher surface area 
of the nano-flakes is discussed previously. The fishbone like CIGS is also vertically aligned 
similar to CIGS nano-flakes which attributes to the higher surface area. In addition, each 
mesh contains one-dimensional nano-rods similar to that of bones in a fish. It is well known 
that one-dimensional nano-rods have higher surface area due to their very high aspect ratio 
(ratio of length to diameter). Hence, the surface area of the fishbone like CIGS nano-mesh is 
much higher compared to the CIGS nano-flakes and results in an enhanced absorption. A 
careful inspection of the Figure 7.9a reveals the absorption edge of the fishbone like CIGS 
nano-mesh at around 950 nm whereas that of dense CIGS films is observed to at 1000 nm. 
The observation indirectly indicates a shift in the bandgap of the CIGS nano-mesh to higher 
values compared to dense CIGS thin-films. Figure 7.9b shows the (αhν)2 vs. hν (Tauc‟s) 
plot of the nano-mesh which indicates that the bandgap is determined to be ≈ 1.29 eV, by 
extrapolating the linear section of the plot to X-axis. The bandgap of dense CIGS films is 
observed to be 1.21 eV and that of CIGS nano-flakes is 1.30 eV. The bandgap value of the 
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fishbone like CIGS nano-mesh is almost same as that of CIGS nano-flakes. The nano-rods 
in the fishbone like CIGS nano-mesh contribute to the possible quantum confinement of 
charge carriers thereby leading to the quantization of energy levels within valence and 
conduction bands. This in turn leads to the higher bandgap for fishbone like CIGS nano-
mesh, as seen from Figure 7.9b.     
 
 
Figure 7.9: a) Optical absorbance and b) Tauc's plot of fishbone like CIGS nano-mesh. 
Absorbance of dense-CIGS and CIGS nano-flakes are also included for comparison 
 
7.2.5 Mott-Schottky analysis of fishbone like CIGS nano-mesh 
Figure 7.10 shows the Mott-Schottky (1/C2 vs. V) plot of fishbone like CIGS nano-mesh in 
0.5M H2SO4 at a frequency of 10 kHz in the dark. The slope of the MS plots is negative, 
thereby confirming that the CIGS nano-mesh exhibits p-type conductivity. The flat band 
potential is found to be -0.195 V (vs. SCE) by extrapolating the linear section to X-axis. In 
addition, the acceptor density, Na ≈ 4.95 × 10
16 cm-3, calculated using the slope of the curve. 
An interesting observation from the Mott-Schottky plot is the reduced 1/C2 values for the 
CIGS nano-mesh compared to previously observed values for dense-CIGS films and CIGS 
nano-flakes.  
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Figure 7.10: Mott-Schottky plot of fishbone like CIGS nano-mesh fabricated using PRED 
technique 
 
It can be observed that 1/C2 values further reduced compared to the previously discussed 
nano-flakes indicating a higher capacitance for fishbone like CIGS nano-mesh. The 
capacitance measured herein is the double layer capacitance observed at the CIGS-
electrolyte interface, as discussed previously in section 2.3.9. It is also well known that the 
capacitance value is directly proportional to the area of the electrodes in a parallel plate 
capacitor (C = ε0A/d). Hence, in the present case, the larger capacitance value can be 
attributed to the increased area of CIGS due to the presence of the nano-mesh structure. 
Figure 7.11 shows the capacitance values for the dense-CIGS films, CIGS nano-flakes and 
nano-mesh. It can be clearly observed that films containing nano-mesh exhibited highest 
capacitance among the three which is attributed to its higher surface area compared to CIGS 
nano-flakes and dense CIGS films.    
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Figure 7.11: Comparison of double layer capacitance measured from impedance analysis for 
dense-CIGS, CIGS nano-flakes and fishbone like CIGS nano-mesh 
 
7.2.6 Photoelectrochemical studies of fishbone like CIGS nano-mesh 
Figure 7.12a shows dark and illuminated current density – voltage characteristics of the 
CIGS nano-flakes deposited by PRED technique, measured using a photoelectrochemical 
analyzer in 0.5 M H2SO4 with a sweep rate of 10 mV/s. The nature of the J-V curve 
confirms the photo-activity of CIGS thin-films. In addition, it shows that the increase in 
cathodic photocurrent with increased cathode potential, which is a characteristic of a 
semiconductor with p-type conductivity. It is also to be noted that the photocurrent increases 
gradually without attaining a saturated value. This behavior can be attributed to incomplete 
photonic conversion, which causes a recombination of charge carriers at the grain 
boundaries of the semiconductor. A photocurrent density of ≈ 4.31 mA/cm2 at a potential of 
-0.4 V vs. SCE is observed. This represents a significant improvement in photocurrent 
density compared to the values observed in previous chapters for the other CIGS films. The 
larger photocurrent value is essentially due to the presence of fishbone like nano-mesh and 
can be explained using several reasons. Firstly, increased light absorption due to fishbone 
like nano-mesh yields increased carrier generation thereby leading to the probability for 
improved photocurrent density. Secondly, the junction area between fishbone like nano-
mesh and electrolyte is increased which in turn increases depletion field which is 
responsible for separation of charge carriers thereby leading to improved photocurrent 
density. In addition, as the junction is formed between the nano-rod and the electrolyte the 
essential path length that needs to be traversed by the electron is the diameter of the nano-
rod which is only about 50 nm indicating the shorter diffusion length for electrons leading to 
the possibility of reduction in detrimental recombination. One-dimensional nano-rods 
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improve the electron transmission significantly which results in a higher photocurrent 
density. In addition, the fishbone like nano-mesh is observed to be single crystal, as 
confirmed from XRD and TEM analyses, which in turn expects to have less scattering and 
better transmission of minority carriers thereby leading to increased photocurrent density.  
 
 
Figure 7.12: a) Photoelectrochemical I-V characteristics and b) amperometric I-t curve of 
fishbone like CIGS nano-mesh prepared by PRED technique 
 
In addition to the PEC I-V characteristics, amperometric current vs. time curve is also 
obtained for the films containing nano-mesh structure. Figure 7.12shows the amperometric 
current-time (I-t) curve of CIGS nano-flakes obtained at -0.4 V by chopped light. It clearly 
demonstrates the photoactivity nature of CIGS films with a photocurrent density of ≈ 4.31 
mA/cm2, corroborating the above result.  The improved photoresponse of fishbone like 
nano-mesh indicate their potential for application in thin-film solar cells. In addition, the 
photoelectrochemical performance of these films demonstrates their potential utility for 
photoelectrochemical hydrogen generation. 
 
7.3 Conclusions 
Pulse-reverse electrodeposition is successfully explored for the fabrication of stoichiometric 
chalcopyrite CIGS. Pulse-reverse voltage is optimized to achieve phase pure CIGS films. 
The optimized PR voltage has yielded a novel fishbone like nano-mesh morphology for 
CIGS films. The growth mechanism of the fishbone like CIGS nano-mesh is explained with 
the varied PR voltage and with varied PR parameters. It can be concluded that the 
convenient optimization of PR voltage and PR on-time resulted in a stoichiometric 
chalcopyrite fishbone like CIGS nano-mesh. The fishbone like CIGS nano-mesh has not 
only shown superior absorption properties but also exhibited significantly improved 
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photocurrent density. The CIGS nano-mesh fabricated by simplified pulse-reverse 
electrodeposition technique has potential application for thin-film solar cells and 
photoelectrochemical cells. 
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Chapter 8 
 
Fabrication and characterization of 
CIGS/CdS heterojunction  
   
Pulse and pulse-reverse electrodeposition techniques have been successfully explored for 
the fabrication of stoichiometric CIGS thin-films in the previous chapters. The next major 
step of the present study is to ascertain the suitability of the pulse electrodeposited CIGS 
films to realize its application as the solar photovoltaic absorber layer. To ascertain the 
performance of CIGS absorber layer, devices have often been constructed by sequential 
deposition of buffer layer (CdS), window layers (i-ZnO and TCO layers), followed by the 
deposition of metal fingers. Use of distinct methods to deposit each of these layers makes it 
a difficult and time consuming process, besides leading to increased time for optimization of 
the absorber layers. A rapid assessment of photoactivity is often desired for screening 
semiconductor absorber layers for PV applications. This can be achieved without fabricating 
an entire device by using an electrolyte contact and carrying out photoelectrochemical 
(PEC) characterization involving a linear/cyclic potential sweep while illuminating the 
electrode with chopped light [177, 185]. Typically a PEC test utilizes a hydrogen evolution 
reaction (HER), as related to PEC water reduction, to account for the photocurrent. Such a 
PEC test not only provides the signature of photoactivity but also demonstrates the potential 
utility of the CIGS based photoelectrochemical solar cells for hydrogen generation. In 
general, the hydrogen evolution reaction requires either significant over-potentials or a 
suitable electro-catalyst [185-188]. As CIGS thin-films do not possess either of the above, 
they have often yielded poor photocurrent densities when aqueous Na2SO4, K2SO4, H2SO4, 
etc. have been used as electrolytes [156, 177, 189, 190]. In addition, CIGS thin-films are not 
adequately stable in aqueous electrolytes, which is often the reason for their lower 
photocurrent values. An improved photocurrent density, however, has been reported by Ye 
et al. by using ethyl viologen perchlorate and methyl viologen chloride in acetonitrile as a 
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redox couple [177]. Use of such non-aqueous solvents with a suitable redox couple might be 
promising but represents an approach that is both complex and expensive.  
 
On the other hand, CdS has been one of the most widely studied semiconductors for 
photoelectrochemical water splitting due to its suitable band edge positions [187, 188, 191, 
192]. But the larger bandgap of CdS often limits the absorption to UV region thereby 
limiting the photocurrent density. Use of CIGS/CdS heterojunction not only offers extended 
absorption range through visible region but also results in improved carrier transport due to 
the space charge field at the interface. In addition, the most efficient CIGS devices have 
been known to use CdS as the buffer layer to yield the heterojunction that improves 
absorption in the space charge region, field assisted electron hole separation and minimizes 
detrimental interface recombination [30-32, 65, 66, 193-195]. Consequently, the CIGS/CdS 
heterojunction can be fabricated and tested using photoelectrochemical characterization 
which not only ascertains the suitability of pulse electrodeposited CIGS film but also yields 
the performance of CIGS/CdS heterojunction. However, the success of these cells crucially 
relies on finding an appropriate electrolyte that not only yields larger photocurrent but also 
enhances stability. 
 
In this context, this chapter focuses on the fabrication and photoelectrochemical 
characterization of CIGS/CdS heterojunction wherein CdS is chemical bath deposited onto 
pulse electrodeposited CIGS. The scheme adopted for the fabrication and 
photoelectrochemical characterization of CIGS/CdS heterojunction is shown in Figure 8.1.  
 
 
Figure 8.1: Scheme of fabrication and characterization of CIGS/CdS heterojunction 
 
8.1 Fabrication of CIGS/CdS heterojunction 
Pulse electrodeposition of CIGS thin-films onto Mo/glass cathode is performed by adopting 
the optimized pulse conditions mentioned in chapter 4. The deposition of CdS films onto 
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pulse electrodeposited CIGS is performed by using the chemical bath deposition method 
wherein 0.0015 M cadmium sulphate and 0.05 M thiourea with ammonia as complexing 
agent are used. The deposition is carried out at ≈ 65 °C for 8 min. The formation of CdS 
thin-films by using ammonia as complexing agent involves the following reactions [185, 
196]: 
 
        
                      
 
                    [  {         }     ]    
 
[  {         }     ]                    
 
CdS deposited CIGS films were then cleaned with DI water and used for further 
characterization. 
 
8.2 Characterization of CIGS/CdS heterojunction 
The CIGS/CdS heterojunction is characterized using SEM, XRD and Raman to essentially 
demonstrate the presence of CdS on CIGS. In addition, the heterojunction is characterized 
using photoelectrochemical amperometric I-t characteristics to test the performance of the 
junction.  
 
8.2.1 Morphology and phase constitution of CIGS/CdS heterojunction 
The morphology of bare CIGS films and CIGS/CdS heterojunction is shown in Figure 8.2. 
The surface morphology of annealed pulse electrodeposited CIGS films is previously 
discussed in section 4.2.3. The surface morphology of CIGS/CdS heterojunction is shown in 
Figure 8.2b. The compact morphology of the pulse electrodeposited CIGS films aided in the 
formation of high-quality heterojunction with conformal coverage of CdS during the 
chemical bath deposition process. The high conformal coverage obtained in the present 
study is extremely crucial since it decides the quality of the heterojunction which ultimately 
affects the performance of the device. In addition to the conformal surface coverage, the 
CdS particles have a uniform size distribution. These desirable aspects of the CIGS/CdS 
junction are essentially due to the underlying uniform and compact CIGS films. The pulse 
electrodeposition technique used herein can produce relatively more homogeneous surface 
with good adhesion to the substrate because the rate-determining step of the deposition 
process is controlled by a mass-transfer process. In addition, the relaxation time in the pulse 
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electrodeposition not only allows the diffusion of ad-atoms but also facilitates the formation 
of new nucleation sites thereby leading to the smooth and compact structure, as discussed 
previously.  
 
 
Figure 8.2: Morphology of a) bare CIGS films and b) CIGS/CdS heterojunction 
 
Figure 8.3a shows the XRD patterns of annealed CIGS thin-films and CIGS/CdS 
heterojunction. The pattern for bare CIGS films reveal the same peaks as mentioned in 
section 4.2.4. The XRD pattern of CIGS/CdS heterojunction (Figure 8.3a) reveals peaks 
corresponding to (100) and (002) of CdS in addition to the CIGS peaks confirming the 
presence of hexagonal CdS layer on pulse electrodeposited CIGS. Figure 3b shows the 
Raman spectra of the annealed CIGS films and CIGS/CdS heterojunction. The Raman 
spectrum of CIGS/CdS heterojunction has a peak at 300 cm-1 representing the CdS 
formation in addition to the peaks of CIGS. 
 
 
Figure 8.3: a) XRD patterns and b) Raman spectra of bare CIGS films and CIGS/CdS 
heterojunction 
 
8.2.2 Photoelectrochemical characterization of CIGS/CdS heterojunction 
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Photoelectrochemical performance of CIGS and CIGS/CdS heterojunction is investigated in 
0.5M Na2SO4. Amperometric I-t curves of bare CIGS and CIGS/CdS, obtained at -0.4 V vs. 
SCE, are shown in Figure 8.4a under dark and illumination. The I-t curve of bare CIGS 
(inset in Figure 8.4a) reveals the photovoltaic activity of CIGS films with a photocurrent 
density of ≈ 0.5 mA/cm2. The pulse electrodeposited CIGS films exhibit a lower dark 
current and improved photocurrent. The crack-free compact morphology and absence of 
undesired phases achieved by the appropriate regulation of pulse parameters in the present 
study are responsible for the lower dark current and improved photoresponse of CIGS films. 
Though an improved performance is observed at -0.4 V for CIGS films yet the photocurrent 
is relatively poor and it could be attributed to the fact that the CIGS alone does not possess 
the desired requirements for an HER reaction, as mentioned earlier. 
 
 
Figure 8.4: a) Amperometric I-t curve and b) stability of CIGS/CdS heterojunction in Na2SO4 
electrolyte. Inset: I-t curve of bare CIGS films. 
 
Unlike CIGS, the CIGS/CdS heterojunction showed a significantly larger photocurrent 
density of ≈ 8.5 mA/cm2 at -0.4 V vs. SCE. Several aspects which contribute to the 
increased performance of the junction are discussed here: Primarily, pulse electrodeposited 
compact phase-pure CIGS is responsible for the formation of high-quality CIGS/CdS 
heterojunction and its performance. In addition, it is well known that the driving force for 
the electron-hole separation is assisted by the local electric field created in the space charge 
region [8, 186]. CIGS/CdS-electrolyte interface has a wider space charge layer beginning 
from CIGS through CdS to electrolyte than the CIGS-electrolyte interface (Figure 8.5). The 
increased width of this space charge layer for CIGS/CdS – electrolyte interface, in turn, 
results in a larger depletion potential affirming the effective electron-hole separation by the 
minimization of detrimental interface recombination and ultimately resulting in a 
significantly higher photocurrent density. Another major contribution to improved 
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photocurrent density arises from the fact that CdS possesses suitable band edge positions for 
hydrogen evolution reaction. Hence, during the PEC characterization of CIGS/CdS 
heterojunction, CIGS can largely contribute to the absorption and generation of electron-
hole pairs and CdS can effectively separate the generated carriers by utilizing the hydrogen 
evolution reaction. All these reasons are collectively responsible for the improved 
photocurrent density thereby making CIGS/CdS as an efficient heterojunction to be applied 
for CIGS based photoelectrochemical cells.  
 
 
Figure 8.5: Schematic of space charge layer at a) CIGS-electrolyte and b) CIGS/CdS-electrolyte 
interface 
 
In addition to the PEC performance of the junction, the stability of the heterojunction is also 
performed as shown in Figure 8.4b. It can be clearly observed that there is a decrease in the 
photocurrent density with time. The decrease in photocurrent density of the junction is 
calculated to be ≈ 15 % within the duration of about 20 min. This is significant reduction in 
the photocurrent density and is a major concern prior to the use of the heterojunction for 
photoelectrochemical as well as thin-film solar cells. Previous studies suggest that the poor 
stability could be mainly attributed to the surface CdS layer which undergoes photo-
corrosion. Sulphur ions from the CdS lattice dissolve into the electrolyte by absorbing the 
photo-generated holes, thereby resulting in the formation of a passivating sulphur film 
according to CdS + 2h+ (hν) → Cd2+ (aq) + S0. This has often been a drawback for Cd based 
PEC cells leading to their poor stability in aqueous electrolytes. Adequate stabilization of 
these semiconductor layers is necessary to achieve higher stability by suppressing the 
decomposition reactions. Hence, choosing the electrolytes which capture carriers before 
they can react with the semiconductor lattice is the key for the higher stability. Usually, it is 
preferable to choose redox electrolytes that form Schottky barriers since this ensures that 
minority carriers will be scavenged. However, in some cases it may be preferable to use an 
electrolyte in which the electron transfer process is not only fast but also irreversible. One 
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such case is the use of Na2SO3 for CdS since the SO3
2- ion is an excellent hole scavenger, 
reacting rapidly and irreversibly to form sulphate [185]. Hence, in the present study, 
sulphide/sulphite electrolyte has been explored for the first time for a CIGS/CdS 
heterojunction.  
 
Figure 8.6a shows the PEC performance of CIGS/CdS heterojunction in Na2SO4 and the 
sulphide/sulphite electrolytes. As explained above, the use of sulphide/sulphite electrolyte is 
found to result in a higher photocurrent density, which is observed to be ≈ 11.3 mA/cm2. 
The stability of the heterojunction is also tested in both Na2SO4 and sulphide/sulphite 
electrolytes. As shown in Figure 8.6b, the stability of CIGS/CdS heterojunction is compared 
in Na2SO4 and sulphide/sulphite electrolytes. The junction exhibits a constant photocurrent 
density without any considerable variation in sulphide/sulphite electrolyte for the same 
duration.  The enhanced stability of the junction in the sulphide/sulphite electrolyte 
compared to sodium sulphate electrolyte can be attributed to the decreased photocorrosion 
of CdS in sulphite electrolyte. The larger photocurrent density with exceptional stability 
noted here for the CIGS/CdS heterojunction promises a future for CIGS 
photoelectrochemical cells and for hydrogen generation by PEC water splitting. 
 
 
Figure 8.6: a) Amperometric I-t curves b) corresponding stability of CIGS/CdS heterojunction 
under illumination in Na2SO4 and sulphide/sulphite electrolytes 
 
8.3 Conclusions 
In summary, CIGS/CdS heterojunction has been fabricated to ascertain the suitability of 
pulse electrodeposited CIGS thin-films as the solar photovoltaic absorber layer. The 
morphological and structural characterization demonstrates the high quality heterojunction 
formed by the chemical bath deposition of CdS onto CIGS. The junction is finally tested 
using PEC to infer its photoelectrochemical ability. A significantly improved photoresponse 
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is observed for the CIGS/CdS heterojunction in Na2SO4. However, the poor stability of 
heterojunction due to the photo-corrosion of CdS is still a concern. The study has, however, 
revealed that use of a sulphide/sulphite electrolyte can eliminate the above problem and 
yield enhanced photocurrent density with excellent stability. These results can have 
important implication in economically realizing CIGS-based photoelectrochemical cells and 
their potential utility for hydrogen generation. 
  
176 
 
Summary and Outlook 
 
The research work discussed in the present dissertation is the demonstration of a simplified 
electrodeposition technique for the fabrication of stoichiometric phase-pure chalcopyrite 
Cu(In,Ga)Se2 (CIGS) thin-films. The thesis work has essentially employed the advanced 
techniques such as pulse and pulse-reverse electrodeposition for the fabrication of CIGS 
thin-films. These advanced features of electrodeposition are conveniently optimized to 
achieve an exceptional control over composition and morphology of the CIGS thin-films. In 
addition, the selenization which is often employed to correct for the film stoichiometry is 
completely eliminated in the present study making it an environmental friendly process. The 
study has also avoided the reference electrode to eradicate the possible impurities from it 
and employed a two-electrode system wherein the conventionally used expensive platinum 
counter electrode is replaced by high purity graphite thereby making the system more 
simple and economical. Furthermore, the majority part of the study avoided the use of 
complexing agents which are commonly used to improve the features such as composition 
and morphology of the electrodeposited CIGS films. Hence, a simplified, economic and 
environmental friendly approach has been proposed in the present study to fabricate the 
phase-pure stoichiometric CIGS thin-films. The process is systematically modified to 
improve the quality and performance of the thin-films and the results of the work are 
summarized chapter-wise below. 
 
At the very beginning, prior to adopting the process for the preparation of CIGS films, the 
pulse electrodeposition technique is optimized for the fabrication of ternary CuInSe2 (CIS) 
system, which has the tetragonal chalcopyrite structure and is the basis for the formation of 
CIGS. Though the process is optimized to ease it for CIGS films, but the optimized CIS 
films exhibiting a novel flake-like morphology are formed in addition to the near-ideal 
stoichiometry. Appropriate regulation of pulse parameters has aided in a well-controlled 
composition of individual elements and resulted in the formation of chalcopyrite flake-like 
CIS thin-films with minimal secondary phases in it, as confirmed from SEM-EDS, XRD 
and Raman analyses. The bandgap of CIS films is determined to be 1.02 eV, from optical 
absorption studies, is close to the previous reported value. Photoelectrochemical response of 
the CIS films is studied and a photocurrent density of ≈ 20 μA/cm2 is obtained for the CIS 
films deposited at the optimized pulse condition. 
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The optimized pulse electrodeposition approach adopted for CIS films is carried forward to 
deposit the CIGS films. However, prior to that, to understand the electrochemical activities 
of various plausible phases among Cu-In-Ga-Se and to understand the sequence of the 
mechanism during deposition cyclic voltammetry studies are carried out.  The analysis is 
systematically performed on various binary/ternary/quarternary phases using three-electrode 
and two-electrode systems. There are two essential conclusions that are made from CV 
measurements: 1) Cu gets deposited first onto the Mo substrate which then facilitates the 
deposition of In and/or Ga or their binary phases and 2) the use of a two-electrode system 
shifts the reduction potential of the desired species to more negative values thereby making 
it a necessity to use higher deposition potential during the electrodeposition.  
 
The inferences from cyclic voltammetry experiments along with the procedure optimized 
for CIS thin-films aided the pulse electrodeposition method to successfully prepare CIGS 
thin-films. Principally the duty cycle (variation in off-time with on-time being fixed) has 
been varied to fabricate compact phase-pure CIGS films wherein it has been observed that 
the content of In decreased with decrease in duty cycle. A duty cycle of 50 % yielded the 
desired composition of all the elements to form stoichiometric CIGS without any secondary 
phases and is deemed optimum. In addition, a highly dense uniform morphology is observed 
for optimized PED deposited CIGS films. To compare the features of the deposit, CIGS 
films are also deposited by direct current method, which resulted in Cu-rich samples with 
rough and porous morphology. In addition, the Cu-richness in the samples led to the 
formation of undesired Cu2-xSe phases in the films. The characteristic of p-type 
semiconductor is observed in the both the DC and PED deposited CIGS thin-films, as 
confirmed from Mott-Schottky as well as PEC studies. Absorption studies are carried out to 
determine the band gap of the thin-films which are in agreement with the theoretical 
stoichiometric CIGS band gap. The flat-band potentials and acceptor densities are calculated 
for both CIGS films from Mott-Schottky analysis. The typical growth mechanism of CIGS 
films by DC and PED deposition methods is also investigated experimentally and 
theoretically. The results demonstrate that the PED deposited CIGS films follow a 
progressive nucleation mechanism wherein the rapid growth of nuclei with an additional 
increase in number of nuclei take place with the deposition time leading to a uniform and 
compact CIGS films. The DC deposited films follow an instantaneous nucleation 
mechanism wherein non-uniform growth of active nuclei takes place without any increase in 
the nuclei number density.  
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The optimized PED method in the previous cases has utilized higher precursor 
concentration of In to achieve desired In content in the CIGS films, which is still a serious 
concern considering the scarcity of In and its frequent usage in materials for electronic 
applications. Hence, minimization of In precursor is still a vital concern to be considered 
prior to the commercialization of the pulse electrodeposition approach for the fabrication of 
CIGS thin-films. In this context, a novel sequential pulse electrodeposition approach has 
been proposed for the fabrication of CIGS thin-films to essentially minimize the In 
precursor concentration by simultaneously achieving desired In content. Deposition voltage 
has been optimized for the co-deposition of Cu-Ga-Se films in stage – I followed by 
deposition of In in the second stage. A convenient control over the composition of 
individual elements has been achieved by the suitable manipulation of process parameters. 
Characterization of annealed films using XRD and Raman analyses confirmed the formation 
of phase-pure stoichiometric chalcopyrite CIGS phase. CIGS films exhibited p-type 
conductivity as demonstrated from Mott-Schottky as well as PEC studies. Furthermore, a 
significantly improved photoresponse has been observed. This technique minimizes the use 
of In precursor for fabrication of CIGS thin-films for solar cell applications.  
 
The minimization of In precursor can also be done by the use of complexing agents in the 
electrolyte. Hence, in the present study, the process has adopted tri-sodium citrate as the 
complexing agent to minimize In precursor and to study the effect of it on pulse 
electrodeposition of CIGS films. In this context, the concentration of TSC is optimized to 
fabricate stoichiometric chalcopyrite CIGS thin-films. A possible mechanism is proposed to 
understand the effect of TSC on the deposition of CIGS thin-films. Further, the use of 
optimized TSC has resulted in highly compact CIGS thin-films but exhibited poor 
photoresponse which could be due to the possible impurities from the complexing agent. An 
interesting aspect, however, is the observation of flower like CIGS particles for a lower 
concentration of TSC (60 mM). This 60 mM of TSC is further used to optimize for the 
CIGS content by employing a variation in deposition time. Ultimately, the deposition time 
of 25 min has yielded stoichiometric CIGS films which resulted in an interesting novel 
nano-flake like morphology. These CIGS nano-flakes have not only shown superior 
absorption properties but also exhibited significantly improved photocurrent density. The 
CIGS nano-flakes fabricated by simplified electrodeposition technique have potential 
application for thin-film solar cells and photoelectrochemical cells. 
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In addition to the pulse electrodeposition, pulse-reverse electrodeposition of CIGS films is 
also one of the major aims of the present study in order to improve the quality of the films. 
Pulse-reverse electrodeposition is successfully explored for the fabrication of stoichiometric 
chalcopyrite CIGS. Pulse-reverse voltage is optimized to achieve phase pure CIGS films. 
The optimized PR voltage has yielded a novel fishbone like nano-mesh morphology for 
CIGS films. The growth mechanism of the CIGS nano-mesh is explained with the varied PR 
voltage. It can be concluded that the convenient optimization of PR voltage and PR on-time 
resulted in a stoichiometric chalcopyrite fishbone like CIGS nano-mesh. The CIGS nano-
mesh has not only shown superior absorption properties but also exhibited significantly 
improved photocurrent density. The CIGS nano-mesh fabricated by simplified pulse-reverse 
electrodeposition technique has potential application for thin-film solar cells and 
photoelectrochemical cells. 
 
The process has been systematically modified to fabricate the compact and nano-structured 
chalcopyrite CIGS films. The dark current and photocurrent, obtained from PEC analysis, 
for various CIGS thin-films deposited in the present study are shown in Figure 8.7. It can be 
observed that the dark current decreased gradually while the photocurrent is increased (see 
Figure 8.7a and b). The decreased dark current and improved photocurrent values confirm 
the fact that CIGS films with improved quality have been fabricated by modifying the 
process. In addition, the nanostructured CIGS films exhibited superior photocurrent density 
compared to compact morphological CIGS films.   
 
 
Figure 8.7: Comparison of a) photocurrent density and b) photocurrent density (both at -0.4 V 
vs. SCE) of various types of CIGS films deposited in the present study 
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Ultimately to ascertain the suitability of pulse electrodeposited CIGS thin-films as the solar 
photovoltaic absorber layer; CIGS/CdS heterojunction has been fabricated. The 
morphological and structural characterization demonstrates the high quality heterojunction 
formed by the chemical bath deposition of CdS onto CIGS. The junction is finally tested 
using PEC to infer its photoelectrochemical performance. A significantly improved 
photoresponse is observed for the CIGS/CdS heterojunction in Na2SO4. However, the poor 
stability of heterojunction due to the photo-corrosion of CdS is still a concern. The study 
has, however, revealed that use of a sulphide/sulphite electrolyte can eliminate the above 
problem and yield enhanced photocurrent density with excellent stability. These results can 
have important implication in economically realizing CIGS-based photoelectrochemical 
cells and their potential utility for hydrogen generation. 
 
In summary, a simplified, economic and environmental friendly pulse and pulse-reverse 
electrodeposition techniques have been proposed in the present study in order to achieve 
exceptional control over the composition of individual elements and ultimately, to fabricate 
stoichiometric single phase chalcopyrite CIGS thin-films with compact as well as 
nanostructured morphologies. The methods have great run-to-run reproducibility that a 
minimum of 15 samples have been prepared for each pulse condition revealing the same 
characteristics. In addition, the process is easily amenable to large area production of CIGS 
thin-films and in the present work, CIGS thin-films are grown on substrates as large as 10 
cm2 surface area. It is also pertinent to note that electrodeposition technique in general 
possesses the ability to deposit the films on large area substrates even with complex shapes. 
The technique also has the potential to grow thin-films on flexible substrates. 
 
Outlook: 
The research work in this dissertation mainly focused on the variation of parameters using 
pulse and pulse-reverse electrochemical techniques for the fabrication of CIGS absorber 
layers. Though the absorber layer has been characterized individually for its photovoltaic 
activity, but the real application can only be realized when a full solid state device is 
constructed and tested for its conversion efficiency. Hence, the immediate possible outlook 
of the present study is to construct a full device by depositing buffer and window layers. In 
addition, the films can be characterized using Hall measurements, deep level transient 
spectroscopy, etc. to study the transport properties, minority carrier lifetime, defect 
densities, etc. Furthermore, the electrodeposition of CIGS films on the flexible substrates is 
another important outlook of the present thesis.  
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